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(4)  INTRODUCTION: 

Epithelial  cancer  of  the  ovary  spreads  by  implantation  of  tumor  cells  onto  the  mesothelial  cells 
and  their  associated  extracellular  matrix  lining  the  peritoneal  cavity.  Our  earlier  data  indicated 
that  ovarian  carcinoma  cells  adhere  to  mesothelial  cells  and  their  associated  extracellular  matrix 
(ECM)  by  use  of  CD44  and  the  pi  integrin  subunit  [1].  We  hypothesized  that  CD44  and  the  pi 
integrin  subumt  play  a  Amdamental  role  in  the  formation  of  secondary  tumor  growths  in  ovarian 
carcinoma  by  promoting  the  adhesion,  migration,  and  invasion  of  the  ovarian  carcinoma  cells  to 
the  mesothelial  cells  that  line  the  peritoneal  cavity.  Ovarian  carcinoma  patients  frequently 
develop  a  malignant  peritoneal  ascites  fluid  containing  single  and  aggregated  tumor  cells,  or 
spheroids.  Spheroids  have  been  used  as  models  of  tumor  microenvironments,  and  have  been 
demonstrated  to  be  resistant  to  many  therapies,  but  their  potential  to  contribute  to  ovarian  cancer 
dissemination  has  not  been  determined.  We  have  since  shown  that  CD44  and  pi  integrin 
mediate  ovarian  carcinoma  cell  migration  toward  extracellular  matrix  molecules  [2]  and  that  the 
pi  integrin  subunit  regulates  the  formation  and  adhesion  of  ovarian  carcinoma  multicellular 
spheroids  [3].  By  inhibiting  these  steps  of  secondary  tumor  growth,  we  will  attempt  to  prevent 
the  dissemination  of  ovarian  carcinoma  to  organs  within  the  peritoneal  cavity.  During  the  past 
year,  we  have  addressed  the  following  aims:  (i)  determine  the  role  of  CD44  and  the  pi  integrin 
subunit  in  the  adhesion,  migration,  and  invasion  of  a  primary  ovarian  carcinoma  cell  line, 
specifically  in  the  shape  of  multicellular  aggregates  or  spheroids,  toward  mesothelial  cells  and 
their  associated  ECM;  (ii)  evaluate  the  role  of  CD44  and  the  pi  integrin  subunit  in  ovarian 
carcinoma  cell  adhesion,  migration,  and  invasion  using  populations  of  ascites  cells  isolated  from 
patients  with  ovarian  carcinoma;  and  (iii)  determine  whether  ovarian  carcinoma  cells  isolated  as 
“floaters”  from  ascites  fluid  have  different  growth  properties  when  cultured  on  monolayers  of 
mesothelial  cells. 

(5)  BODY: 

Task#!:  Determine  the  role  of  CD44  and  the  integrin  subunit  in  the  adhesion  and  invasion  of 
ovarian  carcinoma  cell  lines  toward  mesothelial  cells  and  their  associated  extracellular  matrix. 
This  task  has  essentially  been  completed  for  single  cell  suspensions  of  ovarian  carcinoma  cell 
lines.  However,  based  on  the  exciting  results  that  we  obtained  in  years  #1-3,  we  expanded  these 
studies  to  examine  the  migration  and  invasion  of  spheroids  generated  from  an  ovarian  carcinoma 
cell  line.  Furthermore,  in  an  effort  to  identify  novel  molecules  that  could  serve  to  inhibit  the 
dissemination  of  ovarian  carcinoma,  we  also  analyzed  gene  expression  data.  The  data  described 
below  is  unpublished;  some  results  will  need  to  be  repeated  prior  to  submission  for  publication. 

Task  #la:  Evaluate  reagents  for  their  ability  to  inhibit  the  adhesion  of  ovarian  carcinoma  cells 
to  extracellular  matrix  components  and/or  monolayers  of  mesothelial  cells. 

In  an  attempt  to  identify  novel  proteins  that  are  specific  to  ovarian  carcinoma  that  could 
potentially  serve  as  inhibitors  of  cell  adhesion,  migration,  and  invasion,  we  analyzed  gene 
expression  data.  Through  a  collaboration  with  Gene  Logic  Inc.  and  the  Cancer  Center’s  Tissue 
Procurement  Facility  (for  which  I  served  as  Director  from  1995  imtil  Jxme  2002),  researchers  at 
the  University  of  Miimesota  were  allowed  access  to  the  gene  expression  database  that  Gene 
Logic  Inc.  had  compiled  using  tissues  supplied  by  the  University  of  Minnesota.  We  analyzed  the 
Affymetrix  HU_95  gene  expression  data  for  tissues  from  20  ovarian  carcinomas,  19  metastases 
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of  ovarian  carcinoma,  50  normal  ovaries,  and  over  300  other  tissues.  We  found  46  genes  that 
were  specifically  upregulated  in  the  ovarian  carcinoma  tissues.  For  seven  of  the  genes,  we 
performed  immunohistochemistry  on  ovarian  carcinoma  and  normal  ovary  tissues.  The  proteins 
for  three  of  these  genes  were  specific  to  the  ovarian  carcinoma  tissues.  We  have  submitted  these 
findings  for  publication  in  the  American  Journal  of  Pathology  [4;  Appendix  #3].  Future 
experiments  will  be  performed  to  determine  whether  we  can  inhibit  cell  adhesion,  migration,  and 
invasion  with  these  novel  ovarian  carcinoma  proteins 

Task  #lb:  Evaluate  reagents  for  their  ability  to  inhibit  the  migration  of  ovarian  carcinoma  cells 
through  extracellular  matrix  components. 

We  have  assessed  the  ability  of  spheroids  to  disseminate  and  migrate.  To  determine  fiieir  ability 
to  disaggregate,  spheroids  generated  fi-om  the  human  ovarian  carcinoma  cell  line  NIH:OVCAR5 
were  placed  on  a  variety  of  extracellular  matrix  components.  While  laminin,  fibronectin,  and 
type  IV  collagen  stimulated  minor  cell  migration  out  of  the  spheroid,  5  pg/ml  of  type  I  collagen 
caused  complete  spheroid  disaggregation.  A  blocking  antibody  against  the  pi  integrin  subunit 

significantly  inhibited  this  outgrowth.  This  data  is  still  preliminary  and  has  not  been  published 
yet. 

Task  #lc:  Evaluate  reagents  for  their  ability  to  inhibit  the  invasion  of  ovarian  carcinoma  cells 
through  a  monolayer  of  mesothelial  cells. 

•  We  designed  a  cell-based  invasion  assay  in  which  human  LP9  peritoneal  mesothelial  cells 
were  grown  to  confluence  in  tissue  culture  wells.  The  LP9  monolayers  were:  (i)  live,  (ii) 
irradiated  so  that  they  could  not  proliferate,  or  (iii)  fixed  with  methanol.  NIH:OVCAR5 
ovarian  carcinoma  spheroids  were  added  atop  the  mesothelial  cell  monolayers.  Ovarian 
carcinoma  spheroid  cell  invasion  through  the  mesothelial  cells  was  monitored  daily  for  up  to 
7  days.  Within  24  hours,  the  OVCAR5  spheroids  adhered  and  disseminated  on  the 
mesothelial  monolayers,  and  rapidly  established  foci  of  invasion,  resulting  in  a  200-fold 
change  in  area  within  one  week.  Invasion  of  live  and  irradiated  monolayers  occurred  at  the 
same  rate  and  to  the  same  degree.  NIH:OVCAR5  spheroid  invasion  of  fixed  monolayers  was 
similar  to  live  and  irradiated,  but  large  pile-ups  of  cells  were  noticeable  at  die  edges  of  the 
invasive  fronts. 

•  Inhibitors  of  invasion  were  added  to  the  NIH:OVCAR5  spheroid  suspensions  in  the  cell- 
based  invasion  assay  described  above.  Ovarian  carcinoma  spheroid  cell  invasion  through 
live,  irradiated,  and  fixed  mesothelial  cell  monolayers  was  inhibited  by  the  addition  of  a 
blocking  mAb  against  the  pi  integrin  subunit.  This  suggests  that  pi  integrins  may  participate 
in  ovarian  carcinoma  invasion  in  vivo. 

•  Invasion  was  also  significantly  blocked  by  GM6001,  a  broad-spectrum  inhibitor  of  matrix 
metalloproteinases  (MMPs).  e-amino-N-caproic-acid,  a  serine  protease  inhibitor,  slightly 
reduced  the  ability  of  NIH:OVCAR5  spheroid  cells  to  invade  mesothelial  monolayers.  These 
data  suggest  that  protease  activity  significantly  contributes  to  the  ability  of  NIH:OVCAR5 
spheroid  cells  to  invade. 

Task  #3:  Evaluate  the  role  of  CD44  and  the  pi  integrin  subunit  in  ovarian  carcinoma  cell 
adhesion  and  invasion  using  populations  of  ascites  cells  isolated  from  patients  with  ovarian 
carcinoma  that  express  either  high  levels  or  nondetectable  levels  of  CD44  and/or  and  the  pi 
integrin  subunit. 
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This  aim  is  essentially  complete.  We  have  presented  this  data  at  seven  different  conferences  (see 
Reportable  Outcomes,  below).  We  have  recently  submitted  these  experiments  as  a  manuscript 
for  publication  in  Gynecological  Oncology  [5;  Appendix  4]. 

Task  #3b:  Determine  whether  differences  in  adhesion  and/or  invasion  to  ECM  components 
and/or  mesothelial  cells  are  observed  depending  upon  the  expression  of  CD44  and/or 
integrins  on  ascites  cells. 

•  We  have  determined  that  spheroids  recovered  from  eleven  stage  III  ovarian  carcinoma 
patients  adhere  to  laminin,  fibronectin,  type  I  collagen,  and  type  IV  collagen,  partially 
through  pi  integrin  interactions.  Patient  ascites  spheroids  also  a^ered  to  live  mesothelial 
cell  monolayers  via  pi  integrins. 

•  We  determined  the  ability  of  ovarian  carcinoma  spheroids  to  adhere  to  glycosaminoglycans 
commonly  found  in  cell  ECMs:  hyaluronan,  hyaluronan  fragments,  and  chondroitin  suilfate. 
Patient  ascites  spheroids  demonstrated  variable  adhesive  abilities:  a  highly  adherent  group 
(30-60%  adhesion);  a  moderately  adherent  group  (10-20%  adhesion);  and  a  non-adherent 
group  (0-5%  adhesion).  Soluble  hyaluronan  was  able  to  competitively  inhibit  NIH:OVCAR5 
spheroid  adhesion  to  slides  coated  with  hyaluronan.  However,  a  blocking  antibody  against 
CD44  failed  to  inhibit  adhesion,  suggesting  that  spheroid  cell  adhesion  to  hyaluronan  may 
occur  via  anoflier  receptor. 

•  We  previously  reported  that  blocking  mAbs  against  integrin  subunits  inhibited 
NIH:OVCAR5  spheroid  adhesion  to  ECM  proteins  [3].  Taking  the  four  most  adhesive 
patient  spheroid  samples,  we  were  able  to  significantly  inhibit  their  adhesion  to  all  ECM 
proteins  by  adding  a  pi  integrin-subunit  blocking  antibody.  This  implies  ovarian  carcinoma 
spheroid  adhesion  to  ECM  proteins  is  mostly  mediated  by  pi  integrins. 

•  We  have  demonstrated  that  spheroids  obtained  from  ovarian  carcinoma  patient  ascites 
samples  adhered  to  live  mesothelial  cell  monolayers  grown  on  glass  chamber  slides.  In 
serum-free  conditions,  maximum  adhesion  of  patient  spheroids  to  ECM  proteins  was 
observed  at  2  hours.  Taken  together,  these  results  imply  that  the  spheroids  found  in  patients’ 
ascites  fluid  can  demonstrate  an  adhesive  capability,  though  not  as  great  as  those  of  single 
cells. 

•  Using  the  four  patient  ascites  spheroid  samples  most  adhesive  to  mesothelial  cells,  we 
inhibited  their  adhesion  to  mesothelial  monolayers  by  adding  a  pi  integrin-subunit  blocking 
antibody.  Blocking  pi  integrin  reduced  ascites  spheroid  adhesion  to  live  mesothelial 
monolayers  by  about  50%.  CD44  blocking  antibodies  had  no  effect  on  adhesion.  These  data 
indicate  that  pi  integrins  play  a  partial  role  in  mediating  spheroid  adhesion  to  the 
mesothelium,  but  other  cell  adhesion  molecules  are  also  likely  involved. 

Task  #4:  Determine  whether  ovarian  carcinoma  cells  that  are  isolated  from  tumor  nodules 
present  in  the  peritoneal  cavity  have  different  levels  of  expression  of  CD44  and  pi  integrin, 
growth  properties,  or  levels  of  apoptosis  compared  to  ovarian  carcinoma  cells  isolated  as 
“floaters”  from  the  ascites  fluid  of patients. 

This  aim  has  almost  been  completed. 

Task  #4c.  Quantitate  the  srowth  of  ovarian  carcinoma  cells  on  mesothelial  cells. 
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•  We  developed  a  cell-based  assay  to  study  ovarian  carcinoma  spheroid  cell  invasion  described 
in  Task  #lc.  We  have  observed  that  ovarian  carcinoma  spheroid  cells  usually  invade 
mesothelial  cell  monolayers,  unless  they  are  also  incubated  with  protease  inhibitors  In  those 
cases,  on  fixed  mesothelial  monolayers,  the  OVCAR5  spheroid  cells  will  attach  to  and  spread 
on  top  of  the  monolayers,  but  will  not  invade.  Otherwise,  if  proteases  are  not  inhibited,  the 
ovarian  carcinoma  spheroid  cells  will  grow  to  confluence  while  invading  and  displacing  the 
mesothelial  cell  monolayers.  The  growth  is  quantitated  by  measuring  the  surface  area 
occupied  by  cells.  We  are  still  in  the  process  of  finalizing  these  studies. 

Status  of  Project  Schedule; 

Task  #1  (months  1-18):  This  task  has  been  completed.  Successful  results  have  prompted  us  to 
expand  the  studies  initially  proposed  for  this  task. 

Task  #2  (months  1-48):  This  task  has  proven  to  be  unfeasible  and  will  not  be  completed. 

Task  #3  (mondis  6-48):  Tasks  3a  and  3b  have  been  completed.  Task  3c  will  not  be  completed 
due  to  lack  of  CD44-negative  ovarian  carcinoma  cells  fi'om  patients’  ascites. 

Task  #4  (months  24-48):  Tasks  4a,  4b,  4c,  and  4f  have  been  completed,  although  the  constant 
influx  of  additional  primary  patient  samples  will  result  in  periodic  updating  of  our  results.  Tasks 
4d  and  4e  remain  to  be  completed. 

(6)  KEY  RESEARCH  ACCOMPLISHMENTS: 

•  We  confirmed  our  preliminary  observations  that  NIH:OVCAR5  and  patient  ascites  spheroids 
adhered  to  confluent  monolayers  of  live  mesothelial  cells.  Interestingly,  the  spheroids 
adhered  to  the  mesothelial  cell  monolayers  at  a  higher  rate  than  to  ECM  components.  Also, 
the  patient  samples  adhered  to  live,  but  not  fixed,  mesothelial  cell  monolayers,  indicating  that 
either  receptor  conformation  or  signaling  between  the  mesothelial  and  tumor  cells  is 
necessary  for  optimal  adhesion. 

•  We  confirmed  our  preliminary  observations  that  patient  ascites  spheroids  adhered  to 
hyalm-onan,  hyaluronan  fragments,  and  chondroitin  sulfate.  Soluble  hyaluronan  could 
prevent  spheroid  adhesion  to  hyaluronan  coated  on  a  glass  slide,  but  a  CD44  antibody  did  not 
block  this  adhesion.  This  implicates  glycosaminoglycans  as  another  source  of  attaclment  for 
ovarian  carcinoma  spheroids  in  vivo. 

•  When  plated  on  type  I  collagen,  NIH:OVCAR5  spheroids  completely  disaggregated. 
Outgrowth  of  cells  from  NIH:OVCAR5  spheroids  was  also  induced  by  laminin  type  IV 
collagen,  and  fibronectin,  although  to  a  much  lesser  extent.  Blocking  pi  integrins 
significantly  inhibited  this  outgrowth;  implicating  that  pi  integrin  interaction  with  type  I 
collagen  can  facilitate  cell  migration  out  of  an  NIH:OVCAR5  spheroid. 

•  We  developed  a  cell-based  assay  to  study  ovarian  carcinoma  spheroid  invasion  and  found 
that  NIH:OVCAR5  spheroids  could  rapidly  invade  both  live  and  fixed  mesothelial 
monolayers.  NIH:OVCAR5  spheroid  invasion  was  inhibited  by  a  blocking  mAb  against  the 
pi  integrin  subunit.  Preliminary  studies  indicate  that  inhibition  of  proteases  such  as  MMPs 
and  serine  proteases  may  significantly  inhibit  NIH:OVCAR5  spheroid  invasion  into 
mesothelial  monolayers.  These  results  suggest  that  spheroid  invasion  occurs  via  a  pi 
integrin-mediated  event  that  stimulates  protease  production. 
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Abstract 

We  have  previously  shown  fliat  ovarian  carcinoma  cell  adhesion  to  mesothelial  cell  monolayers  and  migration  toward 
fibronectin,  type  IV  collagen,  and  laminin  is  partially  mediated  by  CD44,  a  proteoglycan  known  to  affect  the  functional 
abilities  of  tumor  cells.  The  puipose  of  this  study  was  to  determine  the  role  of  cell  membrane  glycosylation  in  the  metastatic 
abilities  of  ovarian  carcinoma  cells.  NIH:OVCAR5  cells  were  treated  with  glycosidases  to  remove  carbohydrate  moieties 
from  molecules  on  the  cells’  surface.  The  ability  of  the  treated  cells  to  adhere  to  extracellular  matrix  components  or 
mesothelial  cell  monolayers,  migrate  toward  extracellular  matrix  proteins,  and  invade  through  Matrigel  was  assessed. 
We  observed  that  the  loss  of  different  carbohydrate  moieties  resulted  in  altered  ovarian  carcinoma  cell  adhesion,  mi¬ 
gration,  and/or  invasion  toward  extracellular  matrix  components  or  mesothelial  cell  monolayers.  Gene  array  analysis  of 
NIH:OVCAR5  cells  revealed  the  expression  of  several  proteoglycans,  including  syndecan  4,  decorin,  and  perlecan.  In  tissue 
samples  obtained  from  patients,  altered  proteoglycan  gene  expression  was  observed  in  primary  ovarian  carcinoma  tumors 
and  secondary  metastases,  compared  to  normal  ovaries.  Taken  together,  these  results  suggest  that  ovarian  carcinoma  cell 
proteoglycans  affect  the  cells’  ability  to  adhere,  migrate,  and  invade  toward  extracellular  matrix  components  and  mesothelial 
cell  monolayers.  Thus,  the  carbohydrate  modifications  of  several  proteoglycans  may  mediate  the  formation  and  spread  of 
secondary  tumor  growth  in  ovarian  carcinoma. 

Abbreviations:  ECM  -  extracellular  matrix;  EHS  -  Engelbreth-Holm-Swarm;  FBS  -  fetal  bovine  serum;  PBS  -  phosphate 
buffered  saline 


Introduction 

Proteoglycans  are  major  components  of  the  extracellular 
matrix  (ECM)  that  mediate  interactions  with  other  ECM 
and  cellular  components.  Proteoglycans  have  been  shown  to 
regulate  cell  adhesion  [1],  cell  signaling  [2],  and  apoptosis 
[3].  In  cancer,  altered  glycosylation  is  a  common  feature 
of  malignancy,  and  some  of  these  alterations  contribute  to 
metastatic  processes,  including  cell  adhesion,  migration,  and 
invasion. 

CD44,  a  proteoglycan  found  on  ovarian  carcinoma  cells 
[4-6],  binds  the  ECM  glycosaminoglycan  hyaluronan  with 
high  affinity  [7]  and  also  has  a  weak  affinity  for  fibronectin, 
type  IV  coUagen,  and  laminin  [8].  Hyaluronan  is  a  high 
molecular  weight  glycosaminoglycan  that  is  present  in  the 
ECM  of  the  mesothelial  cells  that  line  the  peritoneum  [9]. 
We  have  previously  reported  that  ovarian  carcinoma  ceU  ad- 
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hesion  to  mesothelial  ceU  monolayers  and  migration  toward 
the  ECM  proteins  fibronectin,  type  FV  collagen,  and  laminin 
is  partially  mediated  by  interactions  between  CD44  and 
hyaluronan  [6,  7].  Interactions  between  CD44  and  hyaluro¬ 
nan  affect  cell  adhesion  [6],  migration  [5,  7],  and  tumor 
growth  [10]  in  ovarian  carcinoma  cells.  In  some  ovarian 
carcinoma  cell  lines,  CD44  is  heavily  glycosylated,  and  the 
removal  of  carbohydrate  moieties  from  the  cells’  surfaces 
resulted  in  altered  cell  adhesion  to  hyaluronan  [1 1]. 

Other  proteoglycans  have  also  been  implicated  in  cancer 
cell  functions.  Syndecan-1,  a  heparan  sulfate  proteoglycan, 
has  been  shown  to  mediate  the  invasion  of  myeloma  cells 
[12].  Ovarian  carcinoma  cell  adhesion  to  fibronectin  and 
type  I  collagen  is  mediated  by  heparan  sulfate  and  chon- 
droitin  sulfate  proteoglycans  s5nQthesized  by  the  cells  [13]. 
Versican,  a  chondroitin  sulfate  proteoglycan,  contains  a 
hyaluronan-binding  domain  [14],  stimulates  cell  growth,  and 
inhibits  human  melanoma  cell  adhesion  to  fibronectin  and 
type  I  collagen  [15],  possibly  facilitating  tumor  cell  detach¬ 
ment  and  proliferation.  Decorin,  another  chondroitin  sulfate 
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proteoglycan  that  binds  collagen  fibrils,  has  been  shown  to  ECM  molecules 
inhibit  the  growth  of  ovarian  cancer  cells  [16].  Clearly,  pro¬ 
teoglycans  and  their  carbohydrate  residues  mediate  many  collagen,  isolated  from  mouse  Engelbreth-Holm- 

tumor  cell  functions;  however,  their  exact  roles  in  cancer  Swarm  (EHS)  tumors,  was  purchased  from  Trevigen, 
metastasis  are  poorly  understood.  Gaithersburg,  Maryland.  Mouse  EHS  laminin,  prepared  as 

The  purpose  of  this  study  was  to  examine  the  roles  of  cell  previously  described  [19],  was  provided  by  Dr  Leo  Furcht, 
membrane  glycosylation  upon  the  adhesive,  migratory,  and  University  of  Minnesota.  Human  plasma  fibronectin,  puri- 
invasive  abilities  of  ovarian  carcinoma  cells.  Our  results  sug-  ^  described  [20],  was  provided  by  Dr  James  McCarthy, 
gest  that  proteoglycans,  particularly  those  with  chondroitin  University  of  Minnesota.  Human  umbilical  cordhyaluronan, 
sulfate  or  sialic  acid  moieties,  may  affect  the  ability  of  ovar-  chondroitin  sulfate  A,  and  ovalbumin  were  purchased  from 
ian  carcinoma  cells  to  interact  with  mesothelial  cells  and  Sigma.  Matrigel  was  purchased  from  Becton  Dickinson, 
proteins  found  in  their  ECMs,  and  thus  may  affect  the  ability  Bedford,  Massachusetts, 
of  ovarian  carcinoma  tumor  cells  to  metastasize. 

Glycosidase  treatment 


Materials  and  methods 

Unless  otherwise  stated,  all  standard  reagents  and  materials 
were  obtained  from  Sigma  Chemical  Company  (St.  Louis, 
Missouri).  Unless  otherwise  specified,  all  experiments  were 
performed  a  minimum  of  three  times. 

Cell  culture 

The  human  ovarian  carcinoma  cell  line  NIH:OVCAR5, 
which  mimics  the  progression  of  ovarian  carcinoma  when 
injected  into  in  vivo  mouse  models  [17],  was  maintained 
in  RPMI  1640  medium,  10%  fetal  bovine  serum  (FBS), 
2  mM  glutamine,  0.2  U/ml  insulin,  and  50  U/ml  peni¬ 
cillin  G/streptomycin.  The  ovarian  carcinoma  cell  line 
NIH:OVCAR5  was  originally  established  by  Dr  Thomas 
Hamilton  (Fox  Chase  Cancer  Center)  [18]  and  obtained 
from  Dr  Judah  Folkman,  Harvard  Medical  School.  The 
human  peritoneal  mesothelial  cell  line  LP9  (Coriell  Cell 
Repositories,  Camden,  New  Jersey)  was  maintained  in  a 
medium  containing  a  Irl  ratio  of  M199  and  MCDB  10  me¬ 
dia,  15%  FBS,  2  mM  glutamine,  5  ng/ml  epidermal  growth 
factor,  0.4  ptg/ml  hydrocortisone,  and  50  U/ml  penicillin 
G/streptomycin.  Both  cell  lines  were  maintained  in  75-mm^ 
tissue  culture  flasks  in  a  humidified  incubator  with  5%  CO2 
at37°C. 

Human  tissue  samples 

Tissue  samples  from  50  normal  ovaries,  20  primary  ovarian 
carcinomas,  17  secondary  omental  metastases,  and  7  normal 
omenta  were  obtained  from  the  Tissue  Procurement  Facil¬ 
ity  of  the  University  of  Minnesota  Cancer  Center.  Samples 
were  obtained  using  protocols  approved  by  the  University 
of  Minnesota  Institutional  Review  Board.  All  samples  were 
identified,  dissected,  and  snap  frozen  in  liquid  nitrogen 
within  30  min  of  removal  from  the  patient.  Tissue  sections  of 
each  sample  were  prepared  before  freezing,  and  were  exam¬ 
ined  by  a  pathologist  by  light  microscopy  after  H&E  staining 
to  confirm  the  pafiiologic  nature  of  the  sample.  None  of  the 
samples  were  necrotic. 


Chondroitinase  ABC  from  P.  vulgariSy  hyaluronidase  from 
bovine  testes,  and  neuraminidase  from  C.  perfiingens  were 
purchased  from  Sigma  Chemical  Company.  NIH:OVCAR5 
cells  were  grown  in  monolayer  cultures,  released  with  0.5% 
trypsin,  2  mM  ethylenediaminetetraacetic  acid  as  previously 
described  [21],  and  resuspended  in  base  medium  at  a  con¬ 
centration  of  10^  cells/ml.  The  cells  were  incubated  in  the 
presence  of  chondroitinase  ABC  (0.5  U/ml),  hyaluronidase 
(200  U/ml),  or  neuraminidase  (10  mU/ml)  in  base  medium 
for  30  min  at  37  ®C  jnior  to  their  use  in  fiirther  assays. 
Chondroitinase  ABC  was  used  to  remove  chondroitin  sul¬ 
fate  resides  and  neuraminidase  was  used  to  remove  terminal 
sialic  acid  residues.  Bovine  testicular  hyaluronidase  primar¬ 
ily  cleaves  hyaluronan,  but  also  may  cleave  chondroitin 
sulfate  residues.  Heat-inactivated  enzymes  had  no  effect  on 
cell  adhesion,  migration,  or  invasion  (results  not  shown). 

Cell— ECM  adhesion  assay 

The  ability  of  the  glycosidase-treated  ovarian  carcinoma 
cells  to  adhere  to  ECM  components  was  quantified  as  pre¬ 
viously  described  [5].  aear-bottom  96-well  plates  were 
coated  with  5  /rg/ml  fibronectin,  type  IV  collagen,  or 
laminin,  or  with  1  mg/ml  ovalbumin,  chondroitin  sulfate  A, 
or  hyaluronan  in  phosphate  buffered  saline  (PBS)  for  16  h  at 
37  ®C.  Nonspecific  binding  sites  were  blocked  with  2%  oval¬ 
bumin  in  PBS.  NIH:OVCAR5  cells  were  radiolabeled  with 
L-[^^S]methionine  for  24  h,  trypsinized,  washed,  and  sub¬ 
jected  to  glycosidase  treatment.  The  cells  (10^  cells/100  /il) 
were  added  to  the  coated  96-well  plates  and  incubated 
for  30  min.  Nonadherent  cells  were  removed  by  washing 
and  the  radioactivity  was  counted.  These  experiments  were 
performed  three  times  each  in  eight  replicates. 

Cell-cell  adhesion  assay 

The  ability  of  glycosidase-treated  ovarian  carcinoma  cells 
to  adhere  to  monolayers  of  the  human  mesothelial  LP9  cell 
line  was  determined  as  previously  described  [5].  The  assays 
were  performed  as  described  above  in  the  cell-ECM  assay, 
except  that  the  clear-bottom  96-weIl  microtiter  plates  were 
coated  with  LP9  cells  grown  to  confluence  for  48  h  in  com¬ 
plete  medium.  Prior  to  the  addition  of  ovarian  carcinoma 
cells,  the  mesothelial  cell  monolayers  were  rinsed  twice  with 
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RPMF  1640  medium.  These  experiments  were  performed 
three  times  each  in  eight  replicates. 

Cell  migration  assay 

Chemotaxis  of  glycosidase-treated  ovarian  carcinoma  cells 
in  response  to  ECM  molecules  was  quantitated  in  modi¬ 
fied  Boyden  chambers,  using  8  jxm  pore  size  polycarbonate 
polyvinylpyrrolidine-free  filters  (Fisher  Scientific,  Itasca, 
Illinois)  as  previously  described  [6].  Base  medium  contain¬ 
ing  fibronectin  (5  /xg/ml),  type  IV  collagen  (2.5  /xg/ml), 
or  laminin  (5  /xg/ml)  was  added  to  the  lower  compart¬ 
ments.  Glycosidase-treated  NIH:OVCAR5  cells  (10,000 
celIs/50  fil)  were  added  to  the  upper  chamber  compartments. 
After  a  5-h  incubation  at  37  °C,  the  filters  were  stained  with 
Difif-Quik  (Dade  Behring,  Newark,  Delaware)  and  nonmi- 
gratory  cells  were  removed  fi:om  the  tops  of  the  filters.  The 
number  of  migrating  cells  is  expressed  as  the  sum  of  cells 
counted  in  five  fields  at  a  40 x  magnification. 

Cell  invasion  assay 

TTie  ability  of  glycosidase-treated  ovarian  carcinoma  cells  to 
invade  fiirough  Matrigel  was  assessed.  Glycosidase-treated 
cells  were  washed,  resuspended  at  10^  cells/100  fi\  in  base 
medium  containing  1%  FBS,  and  applied  atop  Transwells® 
(Coming  Inc.,  Bloomington,  Minnesota)  coated  with 
1  mg/ml  Matrigel.  The  bottom  chambers  were  filled  with 
10  fig/wl  fibronectin,  type  IV  collagen,  or  laminin  in  base 
medium.  After  a  20-h  incubation  at  37  °C,  the  filters  were 
stained  with  Diff-Quik  and  npninvasive  cells  were  removed 
from  the  tops  of  the  filters.  The  number  of  invading  cells  is 
expressed  as  the  sum  of  cells  counted  in  five  fields  at  a  40x 
magnification. 

Gene  expression  analysis  ofNIH:OVCAR5  cells 

The  gene  expression  of  NIH:OVCAR5  cells  was  determined 
using  protocols  described  in  the  Affymetrix  GeneChip®  Ex¬ 
pression  Analysis  Manual.  Briefly,  total  RNA  was  isolated 
from  NIH:OVCAR5  cells  using  the  RNeasy  Total  RNA 
Isolation  kit  (Qiagen  Inc.,  Valencia,  California).  Double- 
stranded  cDNA  was  synthesized  from  8  /rg  of  total  RNA 
using  the  Superscript  Choice  system  (Gibco  BRL,  Gaithers¬ 
burg,  Maryland).  First-strand  cDNA  synthesis  was  primed 
with  a  T7-(dT24)  oligonucleotide  primer  (Genset  Corp.,  La 
Jolla,  California).  The  cDNA  was  then  extracted  with  phe¬ 
nol/chloroform  and  precipitated  with  ethanol.  From  10  ^tg 
of  cDNA,  cRNA  was  synthesized  and  biotinylated  using 
the  BioArray™  HighYield™  RNA  Transcript  Labeling  kit 
(Affymetrix,  Santa  Clara,  California).  The  resulting  cRNA 
was  purified  according  to  the  RNeasy  Mini  kit  protocol  (Qi¬ 
agen)  and  then  fragmented  in  40  mM  Tris-Acetate,  pH  8.1, 

30  mM  magnesium  acetate,  and  100  mM  potassium  acetate 
for  35  min  at  94  ®C.  The  fragmented  cRNA  was  applied 
to  Affymetrix  GeneChip®  U_133  arrays  r^resenting  more 
than  39,000  transcripts  derived  from  approximately  33,000 
well-substantiated  human  genes  or  EST  sequences.  The  sub¬ 
sequent  processing,  scanning,  and  quality  control  of  the  frag¬ 
mented  cRNA  were  performed  by  the  Biomedical  Genomics 


145 

Center,  University  of  Minnesota,  according  to  Affymetrix 
protocols.  The  data  was  analyzed  using  Microarray  Suite, 
version  5.0  (Affymetrix),  and  GeneData  Analyst,  version  3.1 
(GeneData  AG,  Basel,  Switzerland).  This  experiment  was 
performed  in  quadruplicate. 

Gene  expression  analysis  of  human  tissues 

RNA  was  prep^ed  from  the  human  tissue  samples  de¬ 
scribed  above  (50  normal  ovaries,  20  primary  ovarian  car¬ 
cinomas,  17  secondary  omental  metastases,  and  7  normal 
omenta)  and  gene  expression  was  determined  at  Gene  Logic 
Inc.  (Gaithersburg,  Maryland)  using  Affymetrix  GeneChip® 
U_95  arrays  containing  approximately  12,000  known  genes 
and  48,000  ESTs.  Gene  expression  analysis  utilized  the 
Gene  Logic  GeneExpress®  Software  System. 

Statistical  analysis 

Student’s  f-test  was  performed  as  a  test  of  significance  with 
the  use  of  Microsoft  Excel  1997  (Microsoft  Co.,  Redmond, 
Washington).  F-values  of  <  0.01  were  considered  to  indicate 
statistically  significant  differences. 

Results 

Ovarian  carcinoma  cell  adhesion  to  ECM  components  is 
altered  by  glycosidase  treatment 

The  effect  of  cell  membrane  glycosylation  upon  the  abil¬ 
ity  of  ovarian  carcinoma  cells  to  adhere  to  ECM  proteins 
was  measured  in  an  m  vitro  adhesion  assay  (Figure  1). 
Pretreatment  with  chondroitinase  ABC  inhibited  cell  adhe¬ 
sion  to  fibronectin,  type  IV  collagen,  and  laminin.  This 
suggests  that  proteoglycans  that  contain  chondroitin  sulfate 
residues  may  augment  ovarian  carcinoma  cell  adhesion  to 
ECM  proteins.  Hyaluronidase  pretreatment  augmented  cell 
adhesion  to  fibronectin  and  laminin,  suggesting  that  the  pres¬ 
ence  of  cell-surface  hyaluronan  may  inhibit  cell  adhesion 
to  fibronectin  and  laminin,  but  not  type  IV  collagen.  Neu¬ 
raminidase  treatment  had  no  effect  on  cell  adhesion  to  ECM 
proteins,  suggesting  that  sialic  acid  residues  may  not  affect 
ovarian  carcinoma  cell  adhesion  to  ECM  proteins. 

The  ability  of  glycosidase-treated  ovarian  carcinoma 
cells  to  adhere  to  the  glycosaminoglycans  chondroitin  sul¬ 
fate  A  or  hyaluronan  was  also  determined  (Figure  2).  Chon¬ 
droitinase  ABC  pretreatment  augmented  cell  adhesion  to 
hyaluronan,  which  suggests  that  chondroitin  sulfate  proteo¬ 
glycans  may  partially  inhibit  ovarian  carcinoma  cell  adhe¬ 
sion  to  hyaluronan,  which  has  been  shown  to  coat  mesothe- 
lial  cells  [9].  The  other  glycosidases  had  no  effect  on  ovarian 
carcinoma  adhesion  to  chondroitin  sulfate  A  or  hyaluronan. 

To  ensure  that  glycosidase  treatment  did  not  induce  cell 
death,  aliquots  of  each  enzymatically  treated  cell  population 
were  stained  with  trypan  blue  dye  following  both  enzymatic 
treatment  and  the  completion  of  the  assays.  In  all  cases,  the 
cells  excluded  trypan  blue  stain,  indicating  that  alterations 
in  cell  function  were  not  attributable  to  the  induction  of  cell 
death  (data  not  shown). 
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Figure  1.  Ovarian  carcinoma  cell  adhesion  to  ECM  proteins  is  altered  by 
glycosidase  treatment  Untreated  ovarian  cardnoma  cells  (open  bars)  were 
incubated  wifli  glycosidases  (solid  bars)  before  tocir  addition  to  die  adhe¬ 
sion  assays.  Pretreatment  with  chondroitinase  ABC  inhibited  cell  adhesion 
to  fibronectin,  type  IV  collagen,  and  laminin,  while  hyaluronidase  pretieat- 
ment  augmented  cell  adhesion  to  fibronectin  and  laminin.  Neuraminidase 
treatment  had  no  effect  on  cell  adhesion  to  ECM  proteins.  *P  <  0.001  and 
tP  <  0.01. 
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Ovarian  carcinoma  cell  adhesion  to  mesothelial  cells  is 
partially  mediated  by  chondroitin  sulfate  moieties 

The  role  of  cell  membrane  glycosylation  on  ovarian  car¬ 
cinoma  cell  adhesion  to  mesodielial  cells  was  determined 
(Figure  3).  The  adhesion  of  ovarian  carcinoma  cells  was 
inhibited  by  chondroitinase  ABC  pretreatment,  but  not  by 
pretreatment  with  hyaluronidase  or  neuraminidase.  This 
suggests  that  chondroitin  sulfate  proteoglycans  may  facil¬ 
itate  ovarian  carcinoma  cell  adhesion  to  mesothelial  cells. 


Ovarian  carcinoma  cell  migration  toward  ECM  proteins  is 
altered  by  glycosidase  treatment 

The  role  of  cell  membrane  ^ycosylation  on  ovarian  carci¬ 
noma  cell  migration  toward  fibronectin,  type  IV  collagen, 
and  laminin  was  determined  (Figure  4).  Ovarian  carcinoma 
cell  migration  toward  all  three  ECM  proteins  was  increased 
by  pretreatment  with  chondroitinase  ABC.  This  suggests 
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Figure  2.  Ovarian  carcinoma  cell  adhesion  to  hyaluronan  is  augmented  by 
removal  of  diondroitin  sulfate  chains.  Untreated  ovarian  cardnoma  cells 
(open  bars)  were  incubated  with  glycosidases  (solid  bars)  before  Iheir  ad¬ 
dition  to  the  adhesion  assay.  Chondroitinase  ABC  pretreatment  augmented 
cell  adhesion  to  hyaluronan.  %P  <  0.01. 
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Figure  3.  Ovarian  cardnoma  cell  adhesion  to  mesothelial  cells  is  inhib¬ 
ited  by  the  removal  of  dhondroitin  sulfate  chains.  Ovarian  cardnoma  cells 
were  untreated  (open  bar)  or  treated  with  chondroitinase  ABC  (dotted  bar), 
hyaluronidase  (striped  bar),  or  neuraminidase  (solid  bar)  before  thdr  ad¬ 
dition  to  the  adhesion  assays.  Adhesion  of  ovarian  cardnoma  cells  was 
inhibited  by  chondroitinase  ABC  pretreatment,  but  not  by  pcetreatment 
with  hyaluronidase  or  neuraminidase.  ^P  <  0.01  compared  to  untreated 
controls. 
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Figure  4.  Ovarian  carcinoma  ccU  migration  toward  ECM  jwoteins  is  ai- 
tepcd  by  glycosidase  treatment  Ovarian  carcinoma  celk  were  treated  with 
chondroitinase  ABC,  neuraminidase,  or  hyaluronidase,  tiien  allowed  to 
migrate  toward  ovalbumin  (circles),  fibronectin  (triangles),  type  IV  colla¬ 
gen  (diamonds),  or  laminin  (squares).  Ovarian  carcinoma  cell  migration 
toward  fibronectin  was  inocased  by  pretreatment  wifli  diondroitinase  ABC 
and  was  inhibited  by  pretreatment  with  neuraminidase.  Chondroitinase 
ABC  pretreatment  also  resulted  in  increased  cell  migration  toward  type  IV 
collagen  and  laminin.  *P  <  0.001,  <  0.01,  and  %P  <  0.05. 


that  the  presence  of  chondroitin  sulfate  proteoglycans  on  the 
surface  of  ovarian  carcinoma  cells  may  impede  cell  migra¬ 
tion  toward  ECM  proteins,  possibly  by  increasing  their  ad¬ 
hesion  to  ECM  molecules  (Figures  1  and  3).  Neuraminidase 
pretreatment  resulted  in  decreased  cell  migration  toward  fi¬ 
bronectin,  but  had  no  effect  on  cell  migration  toward  type 
rV  collagen  and  laminin.  These  results  suggest  that  sialic 
acid-modified  proteoglycans  may  specifically  mediate  cell 
migration  toward  fibronectin.  Hyaluronidase  pretreatment 
had  no  effect  upon  ovarian  carcinoma  cell  migration  toward 
ECM  proteins. 

Ovarian  carcinoma  cell  invasion  is  altered  by  glycosidase 
treatment 

Ovarian  carcinoma  cells  were  treated  with  glycosidases  be¬ 
fore  their  addition  to  the  invasion  assays.  Pretreatment  with 


Figure  5.  Ovarian  carcinoma  cell  invasion  through  Matrigcl  is  altered  by 
glycosidase  treatment  Ovarian  caranoma  cells  were  untreated  (c^n  bars) 
or  treated  with  chondroitinase  ABC  (dotted  bars),  hyaluronidase  (striped 
bars),  or  neuraminidase  (solid  bars)  before  their  addition  to  the  invasion 
assays.  Pietreatment  witii  neuraminidase  inhibited  cell  invasion  through 
Matrigel  toward  fibronectin,  laminin,  and  type  IV  collagen.  Chondroitinase 
ABC  and  hyaluronidase  treatment  had  no  effect  on  cell  invasion  tbrnugh 
Matrigel.  i^P  <  0.01,  and  §/*  <  0.05. 


neuraminidase  inhibited  cell  invasion  through  Matrigel  to¬ 
ward  fibronectin,  collagen  type  IV,  and  laminin  (Figure  5). 
This  suggests  that  sialic  acid-modified  glycoproteins  may 
mediate  ovarian  carcinoma  cell  invasion.  Chondroitinase 
ABC  and  hyaluronidase  treatment  had  no  effect  on  cell 
invasion  through  Matrigel. 

Many  proteoglycans  are  differentially  expressed  in  ovarian 
carcinoma  cells 

The  relative  expression  of  proteoglycan  gene  transcripts 
in  NIH:OVCAlR5  cells  are  listed  in  Figure  6.  Proteo¬ 
glycan  transcripts  that  were  detected  in  high  amounts  in 
NIH:OVCAR5  cells  included  syndecan  4,  decorin,  perlecan, 
and  bamacan.  Also  expressed,  although  in  lower  amounts, 
were  transcripts  of  the  proteoglycans  CD44,  glypican  1,  syn¬ 
decan  1,  secretory  granule  proteoglycan  (PG)  1,  glypican  4, 
versican,  and  syndecan  2. 
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Table  L  Many  proteoglycan  genes  are  differentially  expressed  in  ovarian  carcinoma. 


Gene  expressed 

Ovarian  carcinoma  tumor  vs.  normal  ovary 
mean  fold  change 

Secondary  omental  metastases  vs.  normal  omenta 
mean  fold  change 

Vei^ican 

4.9  t 

2.7  t 

Syndecan  1 

2.6  t 

4.4  t 

Biglycan 

2.3  t 

4.4  f 

Neuroglycan  C 

2.1  t 

1.7  t 

Glypican  4 

NC 

NC 

CD44 

NC 

2.1  4 

Perlecan 

NC 

1.9  4 

Decorin 

NC 

NC 

Glypican  3 

4.2  4 

6.4  4 

Lumican 

2.7  4 

NC 

Bamacan 

NC 

NC 

Glypican  1 

NC 

NC 

Secretoiy  granule  PGl 

NC 

2.2  4 

Syndecan  2 

* 

♦ 

The  mean  fold  change  ratio  differences  in  proteoglycan  gene  expression  compared  between  20  primary  ovarian  carcinoma  tumors 
and  50  normal  ovaries,  and  between  17  secondary  omental  metastases  and  7  norma]  omenta.  Unchanged  tumonnormal  mean  fold  dianges 
are  denoted  as  NC.  ^Because  syndecan  2  gene  erqnession  was  not  detected  in  ovarian  carcinoma  tumors  or  omental  metastases,  tire 
tumonnormal  mean  fold  change  could  not  be  confuted. 


Intensity  values 

Figure  6.  Gene  e^qpression  of  proteoglycans  in  ovarian  carcinoma  cells.  Mean  intensity  values  of  proteoglycan  transcripts  that  were  present  in 
NIH:OVCAR5  cells.  For  each  transaipt,  the  intensity  values  are  expressed  as  flic  mean  and  standard  deviation  of  quadruplicate  samples,  each  perftHmed 
in  duplicate. 


We  also  examined  the  gene  expression  of  proteogly¬ 
can  transcripts  in  relevant  human  samples:  normal  ovaries, 
primary  ovarian  carcinoma  tumors,  secondary  ovarian  car¬ 
cinoma  metastases  found  in  the  omentum,  and  normal 
omentum.  Almost  all  of  the  proteoglycans  detected  in 
NIH;OVCAR5  cells  were  also  expressed  in  both  primary 
and  secondary  ovarian  carcinoma  tumor  tissues  (Table  1), 
except  for  syndecan  2  and  syndecan  4.  Syndecan  2,  which 
was  detected  a  very  low  levels  in  NIH:OVCAR5  cells,  was 
expressed  also  at  very  low  levels  in  normal  ovaries  and 
omenta;  however,  syndecan  2  was  not  detected  in  primary 
ovarian  carcinoma  or  secondary  omental  metastatic  tumor 
sample.  Expression  of  the  syndecan  4  transcript  was  de¬ 
tected  at  high  levels  by  the  Affymetrix  U_133  gene  chips 
used  to  screen  NIH:OVCAR5  ceUs,  but  we  were  not  able  to 
quantitate  the  expression  of  syndecan  4  in  the  human  tissues 
since  this  probes  for  this  gene  transcript  were  not  present  on 
the  Affymetrix  IL95  gene  chips  used  to  screen  them. 


The  relative  expression  of  some  proteoglycan  transcripts 
underwent  sigi^cant  alterations  in  primary  ovarian  tumors 
compared  to  normal  ovarian  tissue.  Versican  and  neurogly- 
can  C,  which  contain  chondroitin  sulfate  modifications,  and 
the  heparan  sulfate  proteoglycan  syndecan  1  and  biglycan 
were  significantly  up-regulated  in  primary  ovarian  tumors, 
compared  to  normal  ovaries  (Table  1).  The  expression  of 
glypican  3  decreased  4.2-fold  and  lumican  expression  de¬ 
creased  2.7-fold.  Although  syndecan  2  transcript  expression 
was  absent  from  both  primary  ovarian  carcinoma  tumors 
and  secondary  omental  metastases,  it  was  detected  in  both 
normal  ovaries  and  normal  omenta,  suggesting  that  the 
transformation  of  ovarian  epithelial  cells  may  result  in  ter¬ 
mination  of  the  expression  of  syndecan  2  gene  products. 
The  expression  of  aH  other  proteoglycan  transcripts  listed 
in  Table  1  were  altered  by  2-fold  or  less,  as  indicated  by  NC 
for  ‘no  change’. 

Alterations  of  the  relative  expression  of  proteoglycan 
transcripts  in  omental  metastases  and  normal  omenta  were 
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Table  2.  Effects  of  glycosidase  treatment  on  ovarian  carcinoma  cell  metastasis. 


Function 

Enzyme  treatment 

Fibronectin 

Type  IV  collagen 

Laminin 

Hyaluronan 

Mesothelial  monolayer 

Adhesion 

Chondroitinase  ABC 

ill 

m 

t 

Adhesion 

Hyaluronidase 

t 

- 

ttt 

Adhesion 

Neuraminidase 

- 

- 

- 

- 

- 

Migration 

Chondroitinase  ABC 

ttt 

t 

tt 

Migration 

Hyaluronidase 

- 

- 

Migration 

Neuraminidase 

u 

- 

- 

bivasion 

Chondroitinase  ABC 

- 

Invasion 

Hyaluronidase 

- 

- 

_ 

Invasion 

Neuraminidase 

u 

m 

m 

This  table  summarizes  the  changes  observed  in  NIH:OVCAR5  cell  adhesion,  migration,  and  invasion  toward  fibronectin,  type  IV 
collagen,  laminin,  hyaluronan,  and  mesolhelia!  cell  monolayers  after  glycosidase  treatment  hiareased  cellular  function  is  denoted 
by  upward  arrows  (f)  and  decreased  cellular  function  is  denoted  by  downward  arrows  (4,).  The  arrows  denote  significant  alterations 
in  cellular  function  caused  by  pretreatment  with  the  indicated  glycosidascs:  one  arrow  (P  <  0.05),  two  arrows  (P  <  0.01),  three 
arrows  (P  <  0.001),  and  -  (no  effect). 


also  observed.  Significant  increases  in  the  expression  of 
syndecan  1,  biglycan,  versican,  and  neuroglycan  C  were 
observed  in  secondary  omental  tumors,  compared  to  normal 
omentum  tissues.  In  constrast,  the  expression  of  glypican  3 
and  secretoiy  granule  PGl  was  significantly  lower  in  Ae  sec¬ 
ondary  omental  metastases  compared  to  the  normal  omenta 
(Table  1).  As  in  normal  ovaries  and  primary  ovarian  car¬ 
cinoma  tumors,  the  expression  of  syndecan  2  was  low  in 
normal  omentum,  but  completely  absent  from  secondary 
omental  metastases.  The  alterations  in  gene  expression  of 
these  proteoglycans  may  reflect  the  ECM  rearrangement  fre¬ 
quently  observed  in  tumor  cells.  They  may  also  indicate 
responses  to  tumor  cells  or  may  identify  effectors  of  ovarian 
carcinoma  metastatic  behavior. 


Discussion 

In  this  study,  we  attempted  to  elucidate  the  role  of  ceU 
membrane  glycosylation  in  cellular  functions  that  mediate 
ovarian  carcinoma  secondary  tumor  growth.  The  effects 
of  glycosidase  treatment  upon  the  functional  abilities  of 
NIH:OVCAR5  cells  to  adhere  to  ECM  components  and 
mesothelial  cell  monolayers,  migrate  toward  ECM  proteins, 
and  invade  through  Matrigel  are  summarized  in  Table  2.  In 
short,  glycosidase  treatment  alters  ovarian  carcinoma  cell 
adhesion,  migration,  and  invasion.  This  suggests  that  proteo¬ 
glycans,  or  to  be  more  precise  carbohydrate  modifications  of 
proteoglycans,  may  contribute  to  the  activation  or  suppres¬ 
sion  of  these  metastatic  processes.  Different  carbohydrate 
moieties  may  mediate  different  cellular  functions  in  ovarian 
carcinoma  cells.  Several  proteoglycans  and  their  glycosyl 
modifications  may  contribute  to  or  inhibit  the  formation  of 
secondary  tumor  growths  in  ovarian  carcinoma. 

Many  studies  specifically  describe  roles  for  the  pro¬ 
teoglycan  CD44,  and  its  ligand  hyaluronan,  in  ovarian 
carcinoma  cell  adhesion  and  migration.  Cell-cell  adhesion 
between  ovarian  carcinoma  cells  and  mesothelial  cells  are 
mediated  by  CD44-hyaluronan  interactions  [5,  9].  The  re¬ 
moval  of  cell  membrane-associated  carbohydrate  residues 


resulted  in  altered  cell  adhesion  to  hyaluronan  in  some  ovar¬ 
ian  carcinoma  ceU  lines  [11].  CD44-hyaluronan  interactions 
have  been  shown  to  mediate  ovarian  carcinoma  cell  migra¬ 
tion  via  signal  transduction  through  c-src  kinase,  Ras,  and 
Rac  1  [22,  23].  Disruptions  of  the  CD44-hyaluronan  in¬ 
teractions  altered  the  ability  of  ovarian  carcinoma  cells  to 
migrate  toward  ECM  proteins  [6].  For  these  reasons,  we 
considered  the  proteoglycan  CD44  a  likely  candidate  as  a 
carbohydrate-mediated  modifier  of  cell  functions.  However, 
in  the  NIH:OVCAR5  cell  line,  CD44  was  not  extensively 
modified  with  sialic  acid  or  chondroitin  sulfate  groups,  as 
determined  by  Western  blot  analysis  (not  shown).  This  sug¬ 
gests  that  other  proteoglycans  present  in  the  NIH:OVCAR5 
cells*  ECM  may  be  responsible  for  the  altered  cellular 
functions  that  we  described  here. 

Proteoglycans  are  mediators  of  cell  function  in  both 
normal  and  cancer  cells.  In  normal  cells,  the  chondroitin 
sulfate  proteoglycan  versican  enhances  cell  proliferation, 
at  least  in  part  through  binding  to  the  EGF  rec^tor  [24]. 
Versican  also  inhibits  cell  adhesion  in  astrocytoma  cells 
[25].  The  chondroitin  sulfate  proteoglycan  decorin  can  in¬ 
hibit  growth  in  ovarian  carcinoma  cells  [16].  Syndecans,  a 
family  of  heparan  sulfate  proteoglycans,  mediate  cell  adhe¬ 
sion  [26]  and  invasion  [12]  in  myeloma  cells.  Syndecans 
also  bind  and  modulate  activity  of  fibroblast  growth  fac¬ 
tor  [27,  28]  and  promote  oligommzation  of  bound  ligands, 
which  enhances  activation  of  primary  signaling  receptors 
[29].  Overexpression  of  the  chondroitin  sulfate  proteogly¬ 
can  bamacan  resulted  in  the  transformation  of  normal  mouse 
fibroblasts  [30].  Ovarian  carcinoma  cells  synthesize  both 
chondroitin  sulfate  and  heparan  sulfate  proteoglycans  that 
mediate  ceU  adhesion  to  fibronectin,  type  I  coUagen,  and 
type  ni  coUagen  [13].  Here  we  report  that  ceU  surface  pro¬ 
teoglycans  with  chondroitin  sulfate  or  sialic  add  residues 
mediate  the  adhesion,  migration,  and  invasion  of  ovarian 
carcinoma  ceUs. 

In  particular,  the  loss  of  chondroitin  sulfate  residues 
resulted  in  decreased  ceU  adhesion  to  the  ECM  proteins  fi¬ 
bronectin,  type  IV  coUagen,  and  laminin  and  to  mesothelial 
ceU  monolayers.  Coupled  with  our  observation  that  the  re- 
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moval  of  chondroitin  sulfate  residues  resulted  in  increased 
cell  migration,  our  results  suggest  that  chondroitin  sulfate 
proteoglycans  promote  ovarian  carcinoma  cell  adhesion  to¬ 
ward  mesothelial  cells  and  their  associated  ECM  proteins. 
This  is  consistent  with  reports  that  the  chondroitin  sulfate 
proteoglycan  modulates  the  adhesive  abilities  of  integrin 
a^Pi  [31]  and  matrix  metalloproteinase-dependent  invasion 
into  type  I  collagen  in  melanoma  cell  lines  [32].  Ovarian 
carcinoma  ceU  adhesion  to  hyaluronan  increased  after  the 
digestion  of  chondroitin  sulfate  residues.  This  suggests  that 
some  chondroitin  sulfate  proteoglycans  may  act  as  negative 
effectors  of  ceU  adhesion.  We  observed  gene  expression  of 
versican,  which  contains  chondroitin  sulfate  residues  and 
a  hyaluronan-binding  domain  [14],  in  the  NIH:OVCAR5 
ceU  line.  Taken  together,  these  results  suggest  that  ovarian 
carcinoma  cell  adhesion  may  be  inhibited  by  versican— 
hyaluronan  interactions.  We  also  report  that  versican  expres¬ 
sion's  significantly  up-regulated  in  primary  and  secondary 
ovarian  carcinoma  tumors,  which  suggests  that  ovarian  car¬ 
cinoma  cell  interactions  with  mesothelial  cell  hyaluronan 
may  mediate  secondary  tumor  growth.  Further  studies  are 
required  to  determine  the  contributions  of  individual  chon¬ 
droitin  sulfate  proteoglycans  that  result  in  their  net  effect 
upon  ovarian  carcinoma  ceU  adhesion  and  migration. 

Ihe  removal  of  sialic  acid  residues  from  the  surface  of 
NIH:OVCAR5  ceUs  resulted  in  decreased  ceU  migration  to¬ 
ward  fibronectin  and  decreased  invasion  through  Matrigel. 
Taken  together,  these  results  suggest  that  proteoglycans  with 
sialic  acid  residues  may  promote  a  more  invasive  phenotype 
in  ovarian  carcinoma. 

The  removal  of  hyaluronan  resulted  in  increased  adhe¬ 
sion  to  ECM  proteins  and  mesothelial  cell  monolayers,  but 
did  not  affect  cell  migration  or  invasion.  We  have  previously 
shown  that  the  NIH:OVCAR5  cells  have  a  hyaluronan-rich 
pericellular  matrix  that  can  be  cleared  by  hyaluronidase 
treatment  [5].  The  clearance  of  hyaluronan  from  these  tumor 
cells  may  unmask  the  integrins  that  are  present  on  the  cells’ 
surfaces  [6],  thus  facilitating  the  increased  adhesion  to  ECM 
proteins  and  mesothelial  cell  monolayers  that  we  observed. 
However,  bovine  testicular  hyaluronidase  can  also  cleave 
chondroitin  sulfate  residues.  Our  data  suggests  that  the  net 
increased  cell  adhesion  that  resulted  from  hyaluronan  diges¬ 
tion  was  greater  than  the  decreased  cell  adhesion  that  may 
have  resulted  from  the  concurrent  removal  of  chondroitin 
sulfate  residues,  thus  indicating  that  few  chondroitin  sulfate 
residues  were  cleaved  during  treatment  with  hyaluronidase. 

To  identify  proteoglycans  potentially  responsible  for  the 
altered  cellular  functions  that  were  reported  here,  gene 
expression  analysis  of  the  NIH:OVCAR5  cell  line  was  per¬ 
formed.  The  expression  of  several  proteoglycan  transcripts, 
including  syndecans,  glypicans,  decorin,  perlecan,  and  ba- 
macan  was  detected.  We  also  screened  patient  samples  for 
the  expression  of  proteoglycan  genes  in  primary  ovarian  car¬ 
cinoma  tumors  and  secondary  omental  metastases,  a  com¬ 
mon  site  of  metastasis  in  ovarian  carcinoma.  These  values 
were  compared  to  those  of  samples  obtained  from  normal 
ovary  and  omental  tissues.  Except  for  syndecan  4,  whose 
expression  was  not  measured  in  the  Affymetrix  gene  chips 
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used  to  screen  the  human  tissues,  and  syndecan  2,  all  of 
the  proteoglycan  transcripts  detected  in  the  NIH:OVCAR5 
cell  line  were  detected  in  primary  ovarian  carcinoma  ceU 
lines.  These  data  suggest  that  this  ceU  line  expresses  pro¬ 
teoglycan  transcripts  in  a  fashion  similar  to  that  of  primary 
ovarian  carcinoma  tumors.  Syndecan  2  gene  expression  was 
absent  from  primary  and  secondary  ovarian  carcinoma  tu¬ 
mors,  but  was  expressed  at  low  levels  in  both  normal  ovaries 
and  omenta. 

In  addition  to  their  detection  in  NIH:OVCAR5  ceUs, 
versican  and  syndecan  1  gene  expression  values  increased 
more  than  2-fold  in  primary  and  secondary  ovarian  tumors 
compared  to  normal  ovarian  and  omental  tissues.  These  al¬ 
terations  in  gene  expression  may  indicate  roles  for  these 
proteoglycans  in  ovarian  carcinoma  metastasis.  In  human 
ovarian  tumors,  we  also  observed  significant  decreases  in 
the  jgene  expression  of  glypican  3  and  lumican,  compared 
to  normal  ovaries.  Glypican  3  expression  was  also  signif¬ 
icantly  down-regulated  in  secondary  omental  metastases, 
suggesting  that  its  loss  may  be  a  general  feature  of  ovarian 
carcinoma.  Interestingly,  decreased  lumican  expression  was 
noted  only  in  primary  ovarian  carcinoma  tumors,  but  not 
in  secondary  metastases.  The  loss  of  lumican  expression  in 
primary  ovarian  carcinoma  tumors  may  reflect  early-stage 
events  in  the  development  of  the  disease,  rather  than  events 
associated  with  secondary  tumor  growth. 

The  gene  expression  of  CD44  was  unchanged  in  pri¬ 
mary  ovarian  tumors,  compared  to  normal  ovaries,  but 
glycosyl  residues  of  CD44  have  been  implicated  in  tumor 
cell  adhesion  [11].  CD44  was  immunoprecipitated  from 
NIH:OVCAR5  ceUs  incubated  in  base  medium  alone  or 
glycosidase-digested  ceUs  and  then  subjected  to  Western 
blotting.  In  both  cases,  CD44  exhibited  a  relative  mobility 
of  ^proximately  90  kDa,  which  is  consistent  with  the  stan¬ 
dard  isoform  of  CD44  (not  shown).  The  failure  of  all  three 
glycosidase  treatments  to  alter  the  relative  mobility  of  CD44 
suggests  that  the  CD44  present  on  NIH:OVCAR5  cells  was 
not  extensively  glycosylated  with  carbohydrate  residues  sen¬ 
sitive  to  these  enzymes.  This  does  not,  however,  preclude 
the  possibility  that  CD44  on  the  surface  of  NIH:OVCAR5 
cells  may  contain  small  amounts  of  sialic  acid  or  chondroitin 
sulfate  groups,  below  the  detection  limits  of  this  assay. 

We  observed  no  significant  change  in  the  gene  expression 
of  other  proteoglycans  in  ovarian  carcinoma  tumors  com¬ 
pared  to  normal  ovaries.  These  findings  contradict  another 
study  that  reported  significantly  decreased  gene  expression 
of  decorin  in  ovarian  carcinoma  tumors,  compared  to  the 
pooled  brushings  of  ovary  epithelial  cells  from  patients  with¬ 
out  cancer  [33].  However,  alterations  of  gene  expression 
observed  in  several  proteoglycan  transcripts  suggest  that  the 
modulation  of  ovarian  carcinoma  metastasis  is  a  complex 
phenomenon  mediated  by  several  proteoglycans.  Here,  we 
identify  several  proteoglycans  that  may  be  involved  in  sec¬ 
ondary  tumor  growth.  They  may  reflect  alterations  in  tumor 
cell  ECM  or  may  mediate  the  formation  of  secondary  tumor 
growths  in  ovarian  carcinoma.  Further  study  is  required  to 
determine  whether  alterations  of  the  proteins  encoded  by 
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these  transcripts  are  also  altered  in  ovarian  carcinoma  tumors 
and  cell  lines. 

Many  of  the  cellular  functions  attributed  to  proteogly¬ 
cans  are  due  to  post-translational  modifications.  Both  syn- 
decans  and  glypicans  bind  fibroblast  growth  factor  via  then- 
heparan  sulfate  moieties  [34, 35].  The  ability  of  glypicans  to 
target  apical  surfaces  is  partially  dependent  upon  the  extent 
of  their  glycosylation  [36].  In  healing  wounds  and  sev¬ 
eral  carcinomas,  antigenic  epitopes  of  decorin  were  masked 
by  the  addition  of  chondroitin  sulfate  chains  [37].  Further 
studies  are  required  to  elucidate  the  roles  of  carbohydrate 
moieties  in  the  ceUular  functions  of  proteoglycans. 

In  this  study,  we  report  that  cell  membrane  glycosy¬ 
lation  mediates  ceUular  functions  associated  with  ovarian 
carcinoma  secondary  tumor  growth.  Glycosidase  treatment 
altered  the  functional  abilities  of  NIH:OVCAR5  cells  to  ad¬ 
here  to  ECM  components  and  mesothelial  ceU  monolayers, 
migrate  toward  ECM  proteins,  and  invade  through  Matrigel. 
This  suggests  that  the  carbohydrate  residues  of  several  pro¬ 
teoglycans  contribute  to  the  activation  or  suppression  of 
ceU  adhesion,  migration,  and  invasion  in  ovarian  carcinoma 
ceUs.  Further  study  is  required  to  identify  the  roles  of  indi¬ 
vidual  proteoglycans  that  may  participate  in  the  formation  of 
secondary  tumor  growths  in  ovarian  carcinoma. 
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Abstract 

Ovarian  carcinoma  is  the  leading  cause  of  gynecological  cancer  deaths  in  the  United  States.  Secondary  tumor  growths 
form  by  tumor  cell  invasion  through  the  mesothelial  lining  of  the  peritoneal  cavity  and  pmtoneal  organs.  To  study  this 
interaction,  we  developed  a  dye-based  in  vitro  model  system  in  which  mesothelial  ceUs  were  grown  as  confluent  mono- 
layers,  perm^ilized,  and  then  co-cultured  with  ovarian  carcinoma  cells  for  up  to  seven  days.  The  mesothelial  ceUs 
were  then  stained  with  trypan  blue  dye,  which  enabled  the  visualization  of  ovarian  carcinoma  cell  invasion  through  the 
monolayers  of  mesothelial  cells.  Ovarian  carcinoma  cell  invasion  was  inhibited  for  up  to  7  days  by  the  addition  of  GRGDSP 
peptides,  a  blocking  monoclonal  antibody  against  the  1  ihtegrin  subunit,  or  blocking  monoclonal  antibodies  against  matrix 
metalloproteinases  2  and  9.  Cell  invasion  was  also  inhibited  by  hyalimiman  and  GM6001,  a  chemical  inhibitor  of  matrix 
metaUoproteinases.  Differential  gene  expression  of  matrix  metaUoproteinases,  tissue  inhibitors  of  matrix  metalloproteinases, 
and  disintegrins  were  observed  in  primary  ovarian  c»cinoma  tumors  and  secondary  metastases,  compared  to  normal  ovaries’ 
Taken  together,  these  results  suggest  that  complex  interactions  between  integrins,  disintegrins,  matrix  metalloproteinases, 
and  tissue  inhibitors  of  matrix  metalloproteinases  may  mediate  ovarian  carcinoma  cell  invasion,  and  that  the  dye-based 
assay  described  herein  is  a  suitable  model  system  for  its  study. 

Abbreviations:  ADAM  -  a  disintegrin  and  metalloproteinase;  ADAMTS  -  a  disintegrin  and  metaUoproteinase  with  throm- 
bospondm  type  I  repeat;  CMFDA  -  5-chloromethylfluorescein  diacetate;  DMSO  -  dimethylsulfoxide;  ECM  -  extraceflular 
matrix;  EHS  -  Engelbreth-Holm-Swarm;  FBS  -  fetal  bovine  serum;  IgG  -  immunoglobulin;  mAh  -  monoclonal  antibody; 
MMP  -  matrix  metalloproteinase;  PBS  -  phosphate  buffered  saline;  TIMP  -  tissue  inhibitor  of  metalloproteinase 


Introduction 

Ovarian  cancer  is  the  leading  cause  of  gynecologic  malig¬ 
nancy  and  the  fifth  leading  cause  of  cancer  death  among 
women  in  the  United  States  [1].  In  ovarian  carcinoma,  can¬ 
cer  cells  detach  firom  the  surface  of  the  tumor  into  the 
peritoneal  cavity.  Subsequent  peritoneal  implants  are  char¬ 
acterized  by  die  invasion  of  the  tumor  cells  through  the 
mesothelial  cells  that  line  the  peritoneum  and  underlying 
organs.  However,  the  mechanisms  that  contribute  to  ovarian 
carcinoma  invasion  are  not  well  understood. 

One  technique  for  studying  cancer  cell  invasion  is  by 
performing  Matrigel  invasion  assays  [2].  Matrigel  is  com¬ 
prised  of  extracellular  matrix  (BCM)  extracted  from  mouse 
Engelbreth-Holmr-Swann  (EHS)  sarcoma  cells,  and  is  be¬ 
lieved  to  mimic  the  basement  membrane  through  which 
tumor  cells  invade  [3].  Several  factors  make  this  procedure 
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a  less  than  ideal  method  to  study  ovarian  carcinoma  cell  in¬ 
vasion.  Matrigel  is  murine  in  origin,  not  human.  It  is  made 
by  tumor  cells,  which  synthesize  and  organize  their  ECMs 
differently  than  normal  cells.  Most  importantly,  the  Matrigel 
invasion  assay  measures  only  cell-ECM  interactions,  and 
can  not  be  used  to  examine  cell-cell  interactions  between  the 
tumor  cells  and  target  cells.  Finally,  Matrigel  is  synthesized 
by  sarcoma  cells,  which  are  not  typical  targets  of  ovarian 
carcinoma  metastasis.  The  Matrigel  invasion  assay  provides 
only  an  approximation  of  the  in  vivo  conditions  found  at  sites 
of  metastasis. 

A  second  technique  for  studying  cancer  cell  invasion 
was  described  by  Niedbala  et  al.  [4].  They  developed  an  in 
vitro  model  system  for  studying  the  adhesion  and  invasion 
of  ovarian  carcinoma  cells  when  co-cultured  on  mesothelial 
cells.  In  their  model,  bovine  comeal  endothelial  ceUs  were 
grown  to  confluence  in  order  provide  an  ECM  upon  which 
the  mesothelial  cells  were  then  grown.  ^^Cr-radiolabeled 
ovarian  carcinoma  cells  were  then  added  to  the  wells  and 
allowed  to  adhere  and  invade  for  up  to  eight  days.  A  disad- 
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vantage  of  this  model  system  is  that  it  requires  the  use  of 
bovine  corneal  endothelial  cells  for  the  establishment  of  a 
substratum  on  which  the  human  mesothelial  cells  are  grown. 
A  second  disadvantage  is  that  this  model  system  requires 
the  use  of  radioactive  material,  which  many  research  labo¬ 
ratories  are  trying  to  avoid.  Finally,  it  is  difficult  to  distin¬ 
guish  ovarian  carcinoma  cells  from  mesothelial  cells  when 
attempting  to  quantitate  areas  of  invasion  by  the  ovarian 
carcinoma  cells. 

Ovarian  carcinoma  metastasis  is  mediated  by  interac¬ 
tions  between  ovarian  cancer  cells  and  ECM  components  of 
the  mesothelial  cells  at  sites  of  secondary  tumor  growth.  It 
has  previously  been  shown  that  ovarian  carcinoma  cell  ad¬ 
hesion  and  migration  are  mediated  by  interactions  between 

integrins  and  fibronectin,  collagens,  and  laminin  [5-7] 
and  interactions  between  CD44  and  hyaluronan  [5,  7-9]. 
Pretreatment  of  lung  adenocarcinoma  ceDs  with  blocking 
monoclonal  antibodies  (mAb)  against  p\  integrins  inhib¬ 
ited  the  formation  of  lung  metastases  in  murine  models 
[10].  Up-regulation  of  pi  integrin  expression  promoted  ma¬ 
trix  metalloproteinase-dependent  cell  invasion  in  ovarian 
carcinoma  cells  [1 1].  Perturbation  of  CD44-hyaluronan  in¬ 
teractions  decreased  the  invasive  ability  of  human  breast 
canca*  cells  [12],  inhibited  murine  mammary  carcinoma  cell 
growth  [13],  and  induced  apoptosis  in  mammary  carcinoma 
cells  [14].  The  addition  of  hyaluronan  into  Matrigel  resulted 
in  increased  glioma  cell  invasion  in  Matrigel  invasion  as¬ 
says  [15].  Together,  these  studies  suggest  that  p\  integrin- 
and  CD44-mediated  cell— ECM  interactions  may  contribute 
to  ovarian  carcinoma  cell  invasion. 

Cancer  cell  invasion  is  mediated  by  a  complex  balance 
between  degradative  enzymes,  including  matrix  metallopro- 
teinases  (MMPs),  tissue  inhibitors  of  matrix  metaUopro- 
teinases  (TIMPs),  and  ADAMs  (a  disintegrin  and  metal¬ 
loproteinase).  MMPs  are  proteolytic  enzymes  that  play  an 
important  role  in  cancer  cell  invasion  through  the  degra¬ 
dation  of  ECM  proteins,  such  as  fibronectin  and  collagens 
[16, 17].  Increased  activity  of  MMPs  has  been  linked  to  the 
invasive  potential  of  tumor  cells  [18,  19].  In  ovarian  carci¬ 
noma,  increased  secretion  and  activity  of  MMP  2,  MMP  9, 
and  MTl-MMP  have  been  reported  [20,  21].  However, 
the  expression  of  TIMP  1  was  shown  not  to  be  altered  in 
ovarian  carcinoma  [22,  23].  These  studies  suggest  that  el¬ 
evation  of  MMP  secretion,  relative  to  the  concentrations 
of  MMP  inhibitors,  can  facilitate  ovarian  cancer  cell  in¬ 
vasion.  The  ADAMs  are  a  recently  discovered  family  of 
cell  adhesion  receptors,  most  of  which  are  composed  of 
pro-  ,  metalloproteinase,  disintegrin-like,  cysteine-rich, 
EGF-like  repeat,  transmembrane  and  cytoplasmic  tail  do¬ 
mains  [24,  25].  Type  I  and  type  n  procollagens  can  be 
degraded  by  an  ADAMTS  (a  disintegrin  and  metallopro¬ 
teinase  with  thrombospondin  type  I  repeat)  [26].  ADAM  12 
was  detected  immunohistochemically  in  breast,  colon,  and 
lung  carcinomas,  and  overexpression  of  disintegrin  domains 
of  ADAM  12  and  ADAM  15  promoted  cell  adhesion  in 
melanoma  cells  [27].  Interactions  between  MMPs,  TIMPs, 
and  ADAMs  are  believed  to  regulate  cancer  cell  invasion, 
but  their  particular  interactions  are  not  fuUy  understood. 


In  this  report,  we  set  out  to  establish  a  new  model  sys¬ 
tem  that  would  mimic  the  in  vivo  situation  whereby  ovarian 
carcinoma  cells  adhere,  spread,  migrate,  and  invade  the 
mesothehai  cell  monolayer  that  lines  the  peritoneal  cavity. 
In  our  first  attempt  to  develop  a  model  system,  we  used  two 
different  colored  fluorescent  dyes  to  label  the  cells,  so  that 
we  could  differentiate  the  red  ovarian  carcinoma  cells  from 
the  green  mesothelial  cells  during  the  assay.  However,  the 
cells  did  not  retain  the  dyes  for  the  entire  length  of  the  seven- 
day  invasion  assay.  Since  that  technique  did  not  prove  to 
be  ideal,  we  then  developed  a  second  in  vitro  model  system 
that  can  be  used  to  monitor  the  ability  of  ovarian  carcinoma 
cells  to  invade  through  mesothelial  cell  monolayers  for  seven 
days  or  more.  Our  model  system  is  a  modification  of  an 
invasion  assay  described  by  Yu  et  al.  [14],  in  which  the  in¬ 
vasive  capacity  of  TA3/St  murine  mammary  carcinoma  cells 
was  examined  on  monolayers  of  G8  mouse  fetal  myoblasts. 
Our  model  system  is  an  attempt  to  improve  upon  the  in¬ 
vasion  assays  that  are  currently  described  in  the  literature 
for  ovarian  carcinoma.  This  model  system  mimics  in  vivo 
conditions  and  does  not  use  radiolabeled  material.  By  use  of 
this  model  system,  it  has  been  possible  to  identify  adhesion 
molecules  and  proteinases  that  are  involved  in  the  invasion 
of  ovarian  carcinoma  cells  through  mesothelial  cell  mono- 
layers.  In  addition,  gene  expression  analysis  was  performed 
to  determine  whether  the  expression  of  genes  associated  with 
cell  invasion  (such  as  MMPs,  TIMPs,  and  ADAMS)  were 
differentially  expressed  in  ovarian  carcinoma  compared  to 
normal  ovaries.  Our  results  suggest  that  complex  cell-cell 
and  cell-ECM  interactions  between  the  tumor  cells  and  their 
target  cells  mediate  ovarian  carcinoma  cell  invasion,  and  that 
this  assay  may  be  a  suitable  model  system  for  further  study. 

Materials  and  methods 

Unless  otherwise  stated,  ail  standard  reagents  and  materials 
were  obtained  from  Sigma  Chemical  Company  (St.  Lx)uis, 
Missouri),  all  pictures  were  photographed  with  a  Nikon 
Coolpix  950  camera,  and  all  experiments  were  performed 
in  triplicate  and  repeated  a  minimum  of  three  times. 

Cell  culture 

The  human  ovarian  carcinoma  cell  line  NIH:OVCAR5, 
which  mimics  the  progression  of  ovarian  carcinoma  when 
injected  into  in  vivo  mouse  models  [28],  was  maintained 
in  RPMI  1640  medium,  10%  fetal  bovine  s^run  (FBS), 

2  mM  glutamine,  0.2  U/ml  insulin,  and  50  U/ml  penicillin 
G/streptomycin  (Life  Technologies,  Grand  Island,  New 
York).  The  ovarian  carcinoma  cell  line  NIH:OVCAR5  was 
originally  established  by  Dr  Thomas  Hamilton  (Fox  Chase 
Cancer  Center)  [29]  and  obtained  from  Dr  Judah  Folkman, 
Harvard  Medical  School.  The  human  peritoneal  mesothelial 
cell  line  LP9  (Coriell  Cell  Repositories,  Camden,  New  Jer¬ 
sey)  was  maintained  in  a  medium  containing  a  1:1  ratio  of 
M199  and  MCDB  10  media,  15%  FBS,  2  mM  glutamine, 

5  ng/ml  epidermal  growth  factor,  400  ng/ml  hydrocortisone, 
and  50  U/ml  penicillin  G/streptomycin.  Both  cell  lines  were 
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niaintained  in  75-inm^  tissue  culture  flasks  in  a  humidified 
incubator  with  5%  CO2  at  37  ®C. 

Fluorescent  dye-based  model  for  cell  invasion 

A  model  system  for  monitoring  the  ability  of  NIH:OVCAR5 
ovarian  carcinoma  cells  to  invade  through  live  mesothelial 
cell  monola^^ers  was  developed.  In  order  to  distinguish  be¬ 
tween  the  ovarian  carcinoma  cells  and  the  mesothelial  cells, 
the  cell  lines  were  labeled  with  stains  that  fluoresced  at  dif¬ 
ferent  wavelengths.  LP9  mesothelial  cells  were  grown  to 
confluence  in  24-weIl  tissue  culture  plates  (Becton  Dick¬ 
inson,  Franklin  Lakes,  New  Jersey)  and  rinsed  twice  with 
phosphate  buffered  saline  (PBS).  The  mesothelial  ceils  were 
labeled  with  10  //-g/ml  5-chloromethylfluorescein  diacetate 
(CMFDA)  (Molecular  Probes,  Inc.,  Eugene,  Oregon),  a 
green  fluorescent  stain,  in  PBS  for  30  min  at  37  °C,  and 
then  rinsed  twice  with  PBS.  The  NIH:OVCAR5  ceUs  were 
released  from  tissue  culture  flasks  with  0.5%  trypsin,  2  mM 
EDTA  as  described  previously  [30],  and  resuspended  in  PBS 
at  a  concentration  of  10^  cells/ml.  The  NIH:OVCAR5  cells 
were  labeled  with  10  /xg/ml  carboxy  SNARF-1  (Molecular 
Probes,  Inc.),  a  red  fluorescent  stain,  in  PBS  for  30  min, 
and  then  rinsed  twice  with  PBS.  The  NIH:OVCAR5  cells 
were  added  to  the  live  mesothelial  cell  monolayers  at  a 
concentration  of  10,000  cells/ml/well.  Die  co-cultures  were 
maintained  in  a  1:1  ratio  of  complete  media  for  each  cell 
type.  At  24  h  intervals,  the  wells  were  gently  washed  twice 
with  PBS,  and  the  cells  were  visualized  with  a  Nikon  Eclipse 
TE200  fluorescent  microscope. 

Trypan  blue  dye-based  model  for  cell  invasion 

A  second  model  system  for  quantitating  the  ability  of 
NIH:OVCAR5  ovarian  carcinoma  cells  to  invade  through 
monolayers  of  mesothelial  cells  was  developed  using  a  mod¬ 
ification  of  the  protocol  described  by  Yu  et  al.  [14].  LP9 
cells  (10,000  cells/well)  were  added  to  24- well  tissue  cul¬ 
ture  plates  and  grown  to  confluence  for  48  h  in  complete 
medium.  The  mesothelial  cell  monolayers  were  rinsed  twice 
with  1  ml  PBS,  permeabilized  with  250  pj  dimethyl  sulfox¬ 
ide  (DMSO)  for  1  h  at  room  temperature,  rinsed  twice  with 
1  ml  PBS,  and  rinsed  twice  with  RPMI  1640  media.  Per- 
meabilization  with  DMSO  did  not  disrupt  the  confluency  of 
the  monolayers  of  mesothelial  cells.  Single  cell  suspensions 
of  NIH:OVCAR5  cells  were  resuspended  in  conq)lete  cell 
culture  media  and  added  to  the  DMSO-treated  mesothelial 
cell  monolayers.  At  24  h  intervals  for  7  days,  the  media 
was  removed  and  replaced  with  fresh  media.  Alternatively, 
the  wells  were  gently  washed  twice  with  1  ml  PBS,  then 
500  pi  of  0.2%  trypan  blue  solution  (Sigma)  was  applied 
to  each  well  for  15  min,  and  gently  rinsed  with  1  ml  PBS. 
Since  the  mesothelial  cells  had  been  permeabilized  with 
DMSO,  they  retained  the  trypan  blue  dye,  while  the  live 
ovarian  carcinoma  cells  did  not  retain  the  trypan  blue  dye. 
Thus,  it  was  relatively  easy  to  distinguish  the  two  cell  types, 
and  qu^titate  the  level  of  invasion  during  the  course  of  the 
seven-day  assay  by  use  of  a  light  microscope.  The  extent  of 
invasion  of  the  ovarian  carcinoma  cells  into  the  mesothelial 


cell  monolayers  was  quantified  by  measuring  the  size  of  the 
areas  of  the  confluent  monolayers  of  mesothelial  cells  that 
were  displaced  by  the  proliferating  ovarian  carcinoma  cells. 
No  invasion  is  represented  as  (-),  50-200  pm  of  invasion  is 
represented  as  (-h),  220-400  pm  of  invasion  is  represented 
as  (++),  and  areas  of  invasion  greater  than  400  pm  are 
represented  as  (4-  +  +). 

Inhibition  of  ovarian  carcinoma  cell  invasion  through 
mesothelial  cell  monolayers 

In  order  to  identify  the  adhesion  molecules  or  proteinases 
that  may  be  involved  in  the  invasion  of  the  ovarian  carcinoma 
cells  through  the  mesothelial  cell  monolayers,  invasion  as¬ 
says  were  performed  as  described  above,  except  that  the  cells 
were  incubated  in  the  presence  of  a  variety  of  potential  in¬ 
hibitors.  Briefly,  mesothelial  cells  were  grown  to  confluence, 
permeabilized  with  DMSO,  rinsed,  and  then  the  ovarian  car¬ 
cinoma  cells  were  added  to  the  wells.  Following  a  one-hour 
incubation  period  at  37  ®C,  during  which  time  the  ovarian 
carcinoma  cells  were  allowed  to  settle  atop  the  mesothelial 
cell  monolayers  and  commence  adhesion  to  the  mesothe¬ 
lial  cells,  the  potential  inhibitors  were  added.  The  potential 
inhibitors  were  tested  at  a  range  of  concentrations,  and 
included  the  following:  1, 10,  and  25  mMGM6001,  a  chem¬ 
ical  inhibitor  of  MMP-1,  -2,  -3,  -  8,  and  -9  [31]  (Chemicon 
International,  Temecula,  Cahfomia);  1,  10,  and  100  /rg/ml 
GRGDSP  or  GRGESP  peptides  (Life  Technologies);  5,  20, 
and  50  nM  TIMP-1  (Chemicon);  5,  20,  and  50  nM  TIMP-2 
(Chemicon);  10,  100,  and  1000  /rg/ml  of  human  umbili¬ 
cal  cord  hyaluronan  (Sigma);  10,  100,  and  1000  pg/rrl  of 
chondroitin  sulfate  A  (Sigma);  10,  100,  and  1000  ^g/ml  of 
heparin;  and  0.1  and  1  ^g/ml  of  normal  mouse  immunoglob¬ 
ulin  (IgG).  The  following  mAbs  were  used  at  concentrations 
of  0. 1  and  1  ug/ml:  P5D2,  which  blocks  the  adhesive  activity 
of  human  ^1  integrin  subunits  (provided  by  Dr  Leo  Furcht, 
University  of  Minnesota);  mAb  21 C8,  which  stimulates  the 
adhesive  activity  of  human  pi  integrin  subunits  (Chemicon); 
mAb  IM7,  which  a  blocks  the  hyaluronan-binding  site  of 
CD44  (Pharmingen,  San  Diego,  California);  a  mAb  against 
MMP-2  (Chemicon),  and  a  mAb  against  MMP-9  (Chemi¬ 
con).  In  addition,  purified  mAbs  that  block  the  adhesive 
activity  of  human  integrin  subunits  al  (mAb  FB12),  a2 
(mAb  P1E6),  a3  (mAb  P1B5),  a4  (mAh  P1H4),  a5  (mAb 
P1D6),  and  a6  (mAb  GoH3)  were  purchased  from  Chemi¬ 
con  and  used  at  concentrations  of  0.1  and  1  ug/ml.  Each 
of  the  putative  inhibitors  was  replenished  daily  by  remov¬ 
ing  500  ul  of  media  and  replacing  it  with  500  ul  of  fresh 
inhibitors  in  media. 

ECM  molecules 

Type  IV  coUagen,  isolated  from  mouse  EHS  tumor,  was  pur¬ 
chased  from  Trevigen,  Gaithersburg,  Maryland.  Mouse  EHS 
laminin,  prepared  as  previously  described  [32],  was  pro¬ 
vided  by  Dr  Leo  Furcht,  University  of  Minnesota.  Human 
plasma  fibronectin,  purified  as  described  [33],  was  provided 
by  Dr  James  McCarthy,  University  of  Minnesota.  Ovalbu- 
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min  was  purchased  from  Sigma.  Matrigel  was  purchased 
from  Becton  Dickinson,  Bedford,  Massachusetts. 

Cell  proliferation  assay 

96-well  tissue  culture  plates  were  coated  with  50  Mg/ml  of 
fibronectin,  laminin,  type  IV  collagen,  or  ovalbumin  or  with 

1  mg/ml  hyaluronan  in  PBS  (100  ^1/well)  at  4  ®C  for  16  h. 
Nonspecific  binding  sites  were  blocked  with  200  ul/well  of 

2  mg/ml  ovalbumin  in  PBS  at  4  °C  for  1  h,  and  then  rinsed 
twice  with  PBS.  Single  cell  suspensions  of  NIH:OVCAR5 
cells  in  complete  medium  were  added  at  a  concentration  of 
500  cells/200  /il/well  and  cultured  for  up  to  7  days.  At  var¬ 
ious  time  points,  2  mg/ml  WST-1  (Boehringer-Mannheim 
Corporation,  Indianapolis,  Indiana)  was  added  to  each  well 
and  incubated  for  2  h.  The  resulting  formazan  product  was 
quantitated  by  a  SpectaMax  250  scanning  multi-well  spec¬ 
trophotometer  (Molecular  Devices  Corporation,  Sunnyvale, 
California)  by  measuring  absorbance  at  450  nm.  These 
experiments  were  performed  in  quadruplicate.  " 

Toxicity  assay  in  the  presence  of  inhibitors* 

In  order  to  determine  whether  the  putative  inhibitors  of  cell 
invasion  were  toxic  to  the  ovarian  carcinoma  cells,  and  thus, 
wa-e  inhibiting  the  invasion  of  the  ovarian  carcinoma  cells 
by  killing  them,  we  performed  the  following  toxicity  as¬ 
say.  Briefly,  single  cell  suspensions  of  NIH:OVCAR5  cells 
in  complete  medium  were  added  at  a  concentration  of  500 
cells/200  /zl/weU  and  cultured  for  up  to  7  days  in  the  pres¬ 
ence  of  the  inhibitors  listed  above.  At  various  time  points, 

2  mg/ml  WST-l  (Boehringer-Mannheim  Corporation,  Indi¬ 
anapolis,  Indiana)  was  added  to  each  well  and  quantitated  as 
described  above. 

Gene  expression  analysis  of  human  tissues 

Humans  tissue  samples  from  50  normal  ovaries,  20  pri¬ 
mary  ovarian  carcinomas,  17  secondaiy  omental  metastases, 
and  7  normal  omenta  were  obtained  from  the  Ussue  Pro¬ 
curement  Facility  of  the  University  of  Minnesota  Cancer 
Center.  Samples  were  obtained  using  protocols  approved  by 
the  University  of  Minnesota  Institutional  Review  Board.  All 
samples  were  snap  frozen  in  liquid  nitrogen  within  30  min 
after  resection  from  the  patient.  As  a  quality  control  mea¬ 
sure,  a  pathologist  examined  an  H&E  stained  slide  of  each 
tissue  sample  to  confirm  the  pathologic  nature  of  the  sam¬ 
ple.  Each  of  the  ovarian  carcinoma  samples  was  comprised 
almost  entirely  of  tumor  cells  and  none  of  the  samples  were 
necrotic. 

The  expression  of  genes  associated  with  invasion  in 
primary  ovarian  carcinomas,  secondary  omental  metas¬ 
tases,  normal  ovaries,  and  normal  omenta  was  studied. 
RNA  was  pr^ared  from  the  tissue  samples  according  to 
Affymetrix  protocols  and  gene  expression  was  determined  at 
Gene  Logic  Inc.  (Gaithersburg,  Maryland)  using  Affymetrix 
GeneChip®  U_95  arrays  (Santa  Clara,  California)  contain¬ 
ing  ^roximately  12,000  known  genes  and  48,000  ESTs. 

We  limited  our  analysis  to  genes  involved  in  cell  invasion 


by  performing  a  query  of  the  human  U95  chip  annotation  on 
the  Affymetrix  web  site  (www.affymetrix.com/analysis).  We 
searched  the  text  database  for  the  words  ‘MMP*,  ‘TE^’, 
and  ‘ADAM’  and  found  100  gene  fragments.  We  excluded 
eleven  of  the  gene  fragments  since  they  were  ESTs  or  the 
gene  name  was  not  known,  and  another  group  of  seven  gene 
fragments  were  excluded  since  the  gene  names  were  not 
MMP,  TEMP,  or  ADAM.  Thus,  of  the  60,000  gene  fragments 
present  on  the  U95  chips,  this  study  was  limited  to  82  gene 
fragments  or  48  different  genes.  The  gene  expression  values 
for  these  82  gene  fragments  were  then  analyzed  by  the  Gene 
Logic  GeneExpress®  Software  System  in  order  to  identify 
those  genes  that  were  over-  or  under-expressed  2-fold  or 
more  in  ovarian  carcinoma  samples  compared  to  normal 
ovary  samples  or  normal  omentum  samples.  Genes  associ¬ 
ated  with  cell  invasion  were  selected  for  further  analysis  only 
if  their  mean  expression  intensity  values  were  greater  than 
or  equal  to  100  for  the  tumor  samples.  Our  final  selection 
criteria  was  limiting  our  studies  to  only  those  gene  Aug¬ 
ments  whose  expression  values  were  classified  by  the  Gene 
Logic  GeneExpress®  Software  System  as  being  ‘present’, 
regardless  of  whether  they  were  greater  than  or  equal  to 
100.  Clustering  of  the  gene  expression  data  was  performed 
with  Eisen  Cluster  and  TreeView  software  (available  at 
http://rana.lbl.gov/EisenSoftware.htm). 

Results 

Ovarian  carcinoma  cells  invade  through  mesothelial  cell 
monolayers 

To  determine  the  involve  ability  of  ovarian  carcinoma  cells, 
we  developed  an  in  vitro  assay  that  we  believe  more  closely 
mimics  in  vivo  conditions  than  the  commonly  used  Matrigel 
invasion  assay  [2].  Ovarian  carcinoma  differs  from  most 
other  types  of  cancer  m  the  means  by  which  it  spreads  to 
secondary  sites.  Namely,  most  other  types  of  cancer  metas¬ 
tasize  to  secondary  sites  via  the  blood  stream  and  thus, 
invade  through  the  ECM  that  underlies  endothelial  cells  lin¬ 
ing  blood  vessels.  In  contrast,  ovarian  carcinoma  cells  spread 
to  secondary  sites  by  adhering  to  the  mesothelial  cells  that 
line  the  organs  of  the  peritoneal  cavity.  Thus,  the  focus 
of  this  study  was  on  the  interaction  between  ovarian  carci¬ 
noma  cells  with  mesothelial  cells.  In  addition,  we  wanted 
to  develop  an  in  vitro  invasion  assay  that  would  improve 
upon  the  model  system  developed  by  Niedbala  et  al.  [4]. 

In  particular,  we  wanted  to  quantitate  the  ability  of  ovarian 
carcinoma  cells  to  invade  through  monolayers  of  mesothe¬ 
lial  cells  without  using  bovine  corneal  endothelial  cells  or 
radioactive  material.  We  have  previously  shown  that  human 
LP9  mesothelial  cells  can  synthesize  the  ECM  molecules  fi¬ 
bronectin,  laminin,  type  I  collagen,  type  HI  collagen,  and 
type  IV  collagen  within  24  h  after  plating  [5].  Thus,  we 
designed  a  model  system  that  would  allow  mesothelial  cells 
to  grow  to  confluent  monolayers  by  48  h,  and  thus,  obviate 
the  need  for  bovine  comeal  endothelial  cells. 

Our  initial  strategy  involved  the  use  of  fluorescently 
labeled  co-cultures  of  live  cells.  In  these  initial  assays, 
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“'*.“'^>0”  ‘hrough  live  mesolheUal  ceU  monolayers.  NlH;OVCAR5  ovarian  carcinoma  cells  labeled  wift  tbe  red  fluorescent 
Stain  SNAliF-l  were  allowed  to  invade  through  monolayers  of  live  mesothelial  cells  labeled  with  the  green  fluorescent  stain  CMFDA.  After  three  days  the 
wells  were  photogr^hed  under  a  phase  objective  to  visualize  Ac  cocultures  (A),  or  under  fluorescent  objectives  to  visuaHze  the  ovarian  carcinoma  ^Us 
or  Ae  mesoAehal  ceU  monolayers  (Q.  Arrows  point  to  a  cluster  of  NIH:OVCAR5  cells  that  have  invaded  through  Ae  mesoAelial  cell  monolayer 
Bar  =  100  ^m.  ^  ' 


Tlav  t  namr  A  »» 


Figure  2.  Oyanan  carcinoma  cell  invasion  through  mesoAelial  cells  monolayers  is  inhibited  by  an  MMP  inhibitor  and  GRGDSP  pepdde.  NIH:OVCAR5 
ovarian  caranoma  cells  wwe  placed  atop  monolayers  of  DMSOtreated  mesoAelial  cells  in  complete  media  alone  or  in  Ae  presence  of  25  mM  GM6001 
100  /ig/ml  GRGDSP  peptide,  or  100  /xg/ml  GRGESP  peptide,  hi  Ac  presence  of  meAa  or  the  GRGESP  peptide,  ovarian  carcinoma  cell  invasion  is* 
observed  at  4  and  7  days  (arrows).  In  Ae  presence  of  GM6001  or  Ac  GRGDSP  peptide,  cell  invasion  is  completely  inhibited  for  4  days,  and  is  still  partly 
inhibited  by  7  days  (arrows).  Bar  =  2(X)  ^m. 
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the  ovarian  carcinoma  cells  and  mesothelial  cells  were  la¬ 
beled  with  two  different  colored  fluorescent  dyes  (Figure  1). 
At  three  days,  the  two  cell  types  were  indistinguishable 
from  each  other  when  viewed  with  a  phase  microscope 
(Figure  lA).  When  viewed  with  fluorescent  filters,  the 
NIH:OVCAR5  cells  (Figure  IB)  could  be  distinguished 
from  the  mesothelial  ceil  monolayers  (Figure  1C).  One  clus¬ 
ter  of  NIH:OVCAR5  cells,  highlighted  with  arrows,  was 
observed  under  phase  and  fluorescent  filters  (Figures  lA, 
IB),  and  its  absence  was  noted  from  the  visualized  mesothe¬ 
lial  cell  monolayer  (Figure  1C).  The  ovarian  carcinoma 
tumor  cells  had  invaded  through  the  mesothelial  cell  mono- 
layer  and  adhered  to  the  tissue  culture  plate,  creating  a  focal 
point  of  invasion.  For  up  to  three  days,  the  cells  were  eas¬ 
ily  visualized  with  the  fluorescent  microscope.  However,  the 
fluorescent  dyes  diluted  to  undetectable  levels  after  approx¬ 
imately  six  to  eight  cell  divisions  and  could  not  be  used 
for  longer  time  points.  We  therefore  decided  to  try  another 
approach  for  differentiating  the  two  cell  types. 

In  the  second  model  system  described  herein,  we  used 
trypan  blue  dye  to  distinguish  between  the  two  cell  types, 
based  on  a  modification  of  a  protocol  described  by  Yu  et  al. 
[14].  In  this  model  system,  we  used  DMSO  to  permeabilize 
the  confluent  human  mesothelial  cell  monolayers,  and  then 
the  ovarian  carcinoma  cells  were  allowed  to  invade  through 
monolayers  of  permeabilized  mesothelial  cells  (Figure  2). 
At  24  h  intervals,  nonadherent  ovarian  carcinoma  cells  were 
gently  rinsed  away,  and  the  cultures  were  subjected  to  try¬ 
pan  blue  dye  staining.  The  permeabilized  mesothelial  cells 
stained  blue,  since  they  were  unable  to  exclude  the  try¬ 
pan  blue  dye.  In  contrast,  the  live  ovarian  carcinoma  ceils 
remained  unstained. 

During  the  early  phases  of  invasion,  the  ovarian  carci¬ 
noma  cells  must  adhere  to  the  mesothelial  cells.  Adhesion 
and  spreading  may  then  occur,  as  well  as  proliferation 
and  invasion.  We  were  able  to  distinguish  these  various 
processes  by  vigilantly  observing  the  ovarian  carcinoma 
cells  during  the  course  of  the  weeklong  assay.  At  the  one-day 
time  point,  the  ovarian  carcinoma  cells  stiU  remained  round 
and  appeared  to  have  adhered  to  the  surface  of  the  mesothe¬ 
lial  cell  monolayers.  However,  there  was  no  evidence  of 
invasion  of  the  mesothelial  cell  monolayers  by  the  ovarian 
carcinoma  cells.  Within  two  to  three  days,  the  ovarian  carci¬ 
noma  cells  had  spread  out  on  the  surface  of  the  mesothelial 
cells  and  were  also  beginning  to  show  signs  of  proliferation. 
At  the  four-day  time  point,  initial  invasion  by  the  ovarian 
carcinoma  cells  through  the  mesothelial  cell  monolayers  was 
observed  (Figure  2,  arrows).  The  ovarian  carcinoma  cells 
had  moved  between  the  mesothelial  cells  that  formed  the 
monolayers,  and  had  actually  pushed  the  mesothelial  cells 
aside.  By  microscopic  examination,  the  ovarian  carcinoma 
cells  were  no  longer  sitting  atop  the  mesothelial  cells,  but 
were  on  the  same  plane  of  vision  as  the  mesothelial  cells. 

By  seven  days,  the  foci  of  invasion  had  increased  in  size 
(Figure  2,  arrows),  ' in  some  cases  displacing  the  majority 
of  the  mesothelial  cell  monolayers  in  the  well.  The  ovarian 
carcinoma  cells  appeared  to  act  as  a  ‘snow  plow’  and  had 
virtually  cleared  off  entire  sections  of  the  wells  where  the 


mesothelial  cells  had  once  been,  leaving  mounds  or  piles  of 
mesothelial  cells  at  the  edges  of  these  displaced  areas.  We 
did  not  observe  mesothelial  cells  being  exfoliated  as  a  mono- 
layer;  rather  we  observed  piles  of  displaced  mesothelial  ceils 
at  the  perimeter  of  these  areas  where  the  ovarian  carcinoma 
cells  now  were  growing. 

Ovarian  carcinoma  cell  irsvasion  through  mesothelial  cell 
monolayers  is  blocked  by  MMP  inhibitors 

Ovarian  carcinoma  cell  invasion  has  been  shown  to  be  me¬ 
diated,  in  part,  by  the  induction  of  MMPs  [11,  20,  21].  For 
this  reason,  we  examined  whether  some  potential  inhibitors 
of  MMP  activity  would  alter  the  invasive  capacity  of  ovarian 
carcinoma  cells  in  our  model  system.  We  tested  the  follow¬ 
ing  potential  inhibitors:  GM6001  which  is  a  broad-spectrum 
MMP  inhibitor;  a  mAb  against  MMP  2;  a  mAb  against 
MMP  9;  TIMP-1;  and  TIMP-2.  Ovarian  cancer  cell  inva¬ 
sion  through  mesothelial  cell  monolayers  was  dramatically 
inhibited  by  the  addition  of  GM6001  ^able  1  and  Figure  2). 
In  the  presence  of  25  mM  GM6001,  ovarian  carcinoma  cell 
invasion  was  completely  inhibited  for  up  to  4  days.  However, 
by  seven  days,  some  ovarian  carcinoma  cell  invasion  was 
observed  in  the  presence  of  GM6001  (Table  1),  but  the  areas 
of  invasion  were  much  smaller  than  those  observed  in  the 
absence  of  the  GM6001  (Figure  2,  arrows).  Furthermore, 
many  ovarian  carcinoma  ceUs  adhered  to  and  spread  upon 
the  mesothelial  cell  monolayCTs,  but  did  not  invade.  At  lower 
concentrations  of  GM6(X)1  (i.e.,  1  noM  and  10  mM),  we  did 
not  observe  significant  inhibition  of  invasion  (Table  1).  Fur¬ 
thermore,  when  the  ovarian  carcinoma  cells  were  grown  in 
the  presence  of  GM6001  for  up  to  seven  days,  the  rate  of  pro¬ 
liferation  was  not  altered,  indicating  that  GM6001  was  not 
toxic  at  the  range  of  concentrations  tested  (data  not  shown). 
The  mAbs  against  MMP  2  and  MMP  9  were  able  to  almost 
completely  inhibit  the  invasion  of  the  ovarian  carcinoma 
cells  for  up  to  four  days  (Table  1).  However,  by  seven  days, 
some  invasion  was  observed,  although  not  to  the  same  extent 
as  those  ovarian  carcinoma  cells  that  were  untreated.  Simi¬ 
larly,  TIMP-1  and  TIMP-2  inhibited  ovarian  carcinoma  cell 
invasion  for  up  to  4  days  when  tested  at  50  nM,  while  a  lower 
concentration  of  5  nM  seemed  to  cause  a  minimal  increase 
in  invasion  (Table  1).  By  7  days,  invasion  was  observed  to  be 
partially  inhibited  by  50  nM  TIMP-2,  while  50  nM  TIMP-1 
had  no  effect  on  ovarian  carcinoma  cell  invasion  (Table  1). 
These  results  suggest  that  ovarian  carcinoma  cell  invasion 
flirough  mesothelial  cell  monolayers  requires  some  selective 
MMP  activity. 

Ovarian  carcinoma  cell  invasion  through  mesothelial  cell 
monolayers  is  mediated  by  integrins 

We  have  previously  shown  that  p  1  integrins  mediate  ovarian 
carcinoma  ceU  adhesion  [5,  6]  and  migration  [7]  to  EC!M 
components.  To  determine  whether  integrins  affect  ovarian 
carcinoma  ceU  invasion  through  mesothelial  ceU  monolay¬ 
ers,  we  performed  the  assays  in  the  presence  of  exogenous 
GRGDSP  peptide,  a  Ugand  bound  by  many  integrins  [34]. 

At  4  days,  ceU  invasion  was  partiaUy  inhibited  in  the  pres- 


In  vitro  ovarian  carcinoma  cell  invasion  assay 


Table  L  Effect  of  mctalloproteinases  on  flie  invasion  of  NIH:0VCAR5  ovarian 
carcinoma  cells  through  monolayers  of  mesothelial  cells. 


Potential  inhibitor 

Concentration  of  inhibitor 

Day  1 

Day  4 

Day  7 

No  treatment 

- 

- 

+  +  -f  ‘ 

GM6001 

ImM 

- 

+  +  + 

lOmM 

+ 

++ 

25  mM 

- 

+ 

mAb  vs.  MMP-2 

0.1  ^g/ml 

+ 

1 

- 

- 

- 

mAb  vs.  MMP-9 

0.1  (1$/^ 

- 

+ 

++ 

1  fig/mi 

- 

- 

+ 

TIMP-1 

5nM 

- 

+  +  + 

20  nM 

- 

+ 

+  +  + 

50  nM 

- 

- 

+  +  + 

TIMP-2 

5nM 

- 

++ 

+  -f  + 

20  nM 

- 

+ 

+  +  + 

50  nM 

- 

- 

+-h 

Ilie  invasion  of  the  ovarian  carcinoma  cells  into  the  mesotheHal  ceU  monolayers 
was  quantified  by  measuring  the  size  of  the  areas  of  the  confluent  monolayers  of 
mesothelial  cells  fliat  were  displaced  by  the  proliferating  ovarian  carcinoma  cells. 
No  invasion  is  represented  as  (— ),  50-200  /i.m  of  invasion  is  represented  as  (+), 
220-400  /im  of  invasion  is  represented  as  (++),  and  maTimal  levels  of  invasion 
greater  than  400  /i-m  are  represented  as  (-1-  + 


ence  of  10-100  /zg/ml  GRGDSP  peptide  (Table  2,  Figure  2), 
compared  to  cells  incubated  in  the  presence  of  GRGESP 
control  pqjtide  (Table  2,  Figure  2,  arrows).  The  addition 
of  the  GRGDSP  peptide  inhibited  most  ovarian  carcinoma 
cell  invasion  (Figure  2),  but  it  did  not  completely  prevent 
tumor  cells  from  adhering  to  the  mesothelial  cell  monolayer. 
By  7  days,  areas  of  invasion  of  the  ovarian  carcinoma  cells 
into  the  mesothelial  cell  monolayers  were  observed  when 
100  /xg/ml  of  the  GRGDSP  peptide  was  present  (Table  2). 
However,  these  areas  of  invasion  were  much  smaller  than 
those  observed  in  the  j^esence  of  the  GRGESP  peptide  at 
similar  concentrations  (Table  2,  Figure  2).  Furthermore, 
when  the  ovarian  carcinoma  cells  were  grown  in  the  pres¬ 
ence  of  the  GRGDSP  and  GRGESP  peptides  for  up  to  7 
days,  the  rate  of  proliferation  was  not  altered,  indicating  that 
the  GRGDSP  and  GRGESP  peptides  were  not  toxic  at  the 
range  of  concentrations  tested  (data  not  shown). 

Further  studies  to  determine  the  role  of  ^1  integrins  in 
mediating  ovarian  carcinoma  ceU  invasion  through  mesothe¬ 
lial  ceU  monolayers  were  performed  in  the  presence  of 
normal  mouse  IgG  or  mAbs  against  the  binding  sites  of 
integrin  subunits.  A  blocking  mAb  against  the  y51  integrin 
subunit  completely  inhibited  ovarian  carcinoma  cell  invasion 
up  to  four  days;  however  by  seven  days  some  smaU  areas  of 
invasion  were  observed  (Table  2,  Figure  3).  Furthermore, 
when  the  ovarian  carcinoma  ceUs  were  grown  in  the  pres¬ 
ence  of  the  mAb  against  the  1  integrin  subunit  for  up  to 
seven  days,  the  rate  of  proliferation  was  not  altered,  indicat¬ 
ing  that  the  mAb  was  not  toxic  at  the  range  of  concentrations 
tested  (data  not  shown).  A  stimulating  mAb  against  the  )51 
integrin  subunit  was  ^le  to  inhibit  cell  invasion  for  up  to 
4  days  when  used  at  concentrations  of  1  /Ag/ml.  However, 


by  seven  days,  the  area  of  ovarian  carcinoma  ceU  invasion 
was  almost  the  same  as  that  observed  in  the  presence  of  nor¬ 
mal  mouse  IgG.  Blocking  mAbs  against  the  alpha  integrin 
subunits  ofl,  a2,  a3,  a4,  a5,  and  a6  were  tested  in  this 
model  system  at  0.1  and  1  ug/ml.  They  had  no  inhibitory 
effect  when  compared  to  the  normal  mouse  IgG  controls 
(Table  2).  Taken  together,  these  data  suggest  that  p\  inte- 
grins  may  mediate  ovarian  carcinoma  ceU  invasion  through 
mesothelial  ceU  monolayers,  although  the  alpha  subunit(s) 
that  participate  in  this  invasion  have  not  been  defined. 

Ovarian  carcinoma  cell  invasion  through  mesothelial  cell 
monolayers  is  partially  mediated  by  glycosaminoglycans 

We  have  previously  shown  that  CD44  mediates  ovarian  car¬ 
cinoma  adhesion  [5]  and  migration  [7]  to  ECM  components. 
To  determine  whether  CD44  affects  ovarian  carcinoma  ceU 
invasion  through  mesothelial  cell  monolayers,  we  performed 
the  assays  in  the  presence  of  a  blocking  mAb  against  CD44 
and  various  glycosaminoglycans.  The  mAb  against  CD44, 
when  tested  at  concentrations  of  0.1  and  1  /A^ml,  did  not 
inhibit  ovarian  carcinoma  cell  invasion  at  4  days,  and  had 
only  a  minor  inhibitory  effect  on  cell  invasion  at  7  days  (Ta¬ 
ble  3  and  Figure  3,  arrows)  when  compared  to  normal  mouse 
IgG.  The  glycosaminoglycan  hyaluronan,  which  serves  as  a 
ligand  for  CD44,  inhibited  ovarian  carcinoma  cell  invasion 
up  to  day  4,  at  a  concentration  of  1000  /zg/ml  (Table  3).  In 
the  presence  of  1000  )Ug/ml  hyaluronan,  the  area  of  invasion 
increased  from  day  4  up  to  day  7  (Table  3).  Even  the  lower 
concentrations  of  hyaluronan  appeared  to  have  a  minor  in¬ 
hibitory  effect  on  cell  invasion  at  day  7.  As  controls,  the 
glycosaminoglycans  heparin  and  chondroitin  sulfate  A  were 
tested  and  found  to  have  no  inhibitory  effect  on  ovarian  car- 


Table  2.  Effect  of  integrins  on  the  invasion  of  NIH:OVCAR5  ovarian  carcinoma  cells  through 
monolayers  of  mesothelial  cells. 


Potential  inhibitor 

Concentration  of  inhibitor 

Day  1 

Day  4 

Day  7 

No  treatment 

- 

+ 

+  +  + 

GRGDSP  peptide 

1  fig/ml 

+  +  + 

10/xg/ml 

- 

+  +  + 

100  /tg/ml 

- 

- 

+ 

GRGESP  pqjtide 

1  /ig/ml 

- 

+  +  + 

10/xg/ml 

+ 

+  +  + 

lOO^g/ml 

+ 

+  +  + 

Normal  mouse  IgG 

0.1  fig/ml 

- 

+ 

+  +  +  ■ 

1  fig/ml 

4-  +  + 

Blocking  mAh  vs.  /31  integrin 

0.1  /ig/nH 

_ 

- 

+ 

1  fig/ml 

- 

- 

+ 

Stimulating  mAb  vs.^1  integrin 

0.1  fig/ml 

+ 

++ 

1  fig/ml 

- 

-H- 

mAb  vs.  al  integrin 

0.1  A^g/ml 

+ 

+  +  + 

1  /xg/ml 

- 

+ 

+  +  + 

mAb  vs.  a2  integrin 

0.1  /ig/ml 

+  +  + 

1  /ig/ml 

- 

+ 

+  +  + 

mAb  vs.  a3  integrin 

0.1  /ig/ml 

- 

+ 

+  +*  + 

1  /ig/ml 

+ 

+  +  + 

noAb  vs.  o4  integrin 

0.1  /ig/ml 

- 

+ 

+  +  + 

1  /ig/ml 

- 

+ 

+  +  + 

mAb  vs.  aS  integrin 

0.1  /ig/ml 

- 

+ 

+  +  + 

1  /ig/ml 

- 

+ 

+  +  + 

mAb  vs.  a6  integrin 

0.1  /ig/ml 

- 

+ 

+  +  + 

1  /ig/ml 

- 

+  +  + 

The  invasion  of  fee  ovarian  carcinoma  cells  into  fee  mesothelial  cell  monolayers  was  quantified 
as  desembed  in  Table  1. 


Table  3.  Effect  of  g^ycosaminoglycans  on  fee  invasion  of  NIH:OVCAR5  ovarian 
carcinoma  cells  through  monolayers  of  mesofeelial  cells. 


Potential  inhibitor 

Concentration  of  inhibitor 

Dayl 

Day  4 

Day? 

No  treatment 

- 

- 

+ 

4*  +  4- 

Ncumal  mouse  IgG 

0.1  /ig/ml 

- 

+ 

4-4-4- 

1  /ig/ml 

- 

+ 

4-4-4- 

mAb  vs.  CD44 

0.1  /ig/ml 

- 

+ 

4-4-4- 

1  /ig/ml 

- 

+ 

4-4- 

Hyaluionan 

10  /ig/ml 

4- 

4-4- 

100  /ig/ml 

- 

4- 

-H- 

1000  /ig/ml 

- 

4- 

Chondroitin  sul&te  A 

10 /ig/ml 

- 

4* 

4-4-4- 

100  /ig/ml 

_ 

+ 

4-4-4-  . 

1000  /ig/ml 

-H- 

4-4-  + 

Hqjarin 

10  /ig/ml 

+4- 

+  +  + 

100  /ig/ml 

- 

•4+ 

+  +  + 

1000  /ig/ml 

- 

+ 

+  +  + 

The  invasion  of  the  ovarian  carcinoma  cells  into  the  mesofeeUal  cell  monolayers  was 
quantified  as  desoibed  in  Table  1. 
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Figure  3.  Ovarian  caicinoma  cell  invasion  through  mesothelial  cells  monolayers  is  inhibited  by  monoclonal  antibodies  against  the  ^1  integrin  subunit 
NIH:OVCAR5  ov^an  carcinoma  cgHs  were  placed  atop  monolayers  of  DMSO-treated  mesolheUal  cells  in  the  presence  of  1  /xg/ml  mouse  IgG, 
blocking  mAb  against  the  integrin  subunit,  or  blocking  mAb  against  CD44.  In  the  presence  of  mouse  IgG  or  a  blocking  mAb  against  CD44,  the 
I^:OVCAR5  cells  invaded  through  ftc  mesotheUal  cell  monolayers  (arrows).  In  the  presence  of  a  blocking  mAb  against  the  fit  integrin  subunit, 
invasion  through  the  mesothelial  cell  monolayer  was  almost  completely  inhibited  on  day  4,  and  still  significantly  inhibited  on  day  7.  Bar  =  200  fi.m. 
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3.5 
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Figure  4.  Ovarian  carcinoma  cell  proliferation  is  not  affected  by  the  composition  of  the  adhesive  substrata.  96<well  plates  were  coated  with  fibronectin 
(diamonds),  type  IV  collagen  (squares),  laminin  (triangles),,  hyaluronan  (circles),  or  ovalbumin  (crosses).  NIH:OVCAR5  cells  were  added  to  ECM-coated 
wells  at  a  concentration  of  500  cells/well  and  incubated  for  up  to  7  days.  The  levels  of  proliferation  were  quantitated  as  desoibed  in  the  'Materials  and 
methods'  section.  Data  are  expressed  as  mean  db  SD. 
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Figure  5.  Dififoential  gene  expression  between  ovarian  cardnomas  and  normal  tissues.  The  expression  values  for  gene  fragments  of  MMPs,  TIMPs,  and 
ADAMs  were  analyzed  by  (he  Gene  Logic  GeneExpress®  Software  System  for  20  primary  ovarian  carcinoma  tumors  (‘primary  tumors’),  17  secondary 
ovarian  car^oma  tumors  thathad  spread  to  die  omentum  (‘metastases'),  50  normal  ovaries  (‘ovaries’),  and  7  normal  omentum  (‘omcnta’).*The  nine  gene 
fragments  listed  in  Table  4  w^  differentially  expressed  in  the  sample  sets  and  the  gene  expression  data  was  clustered  with  Eisen  auster  and  TreeView 
software.  Columns  represent  individual  human  tissue  samples;  rows  represent  individual  genes.  Each  box  represents  die  expression  level  of  a  single 
transcript  in  a  single  sample,  with  red  and  green  indicating  transcript  levels  above  and  below  the  mean  for  diat  gene  across  all  samples,  respectively. 
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cinoma  cell  invasion  any  time  during  the  assay,  even  when  pies  obtained  from  20  primary  ovarian  carcinoma  tumors, 
tested  at  concentrations  as  high  as  1000  /xg/ml  (Table  3).  17  secondary  omental  metastases,  50  normal  ovaries,  and  7 


Furthermore,  when  the  ovarian  carcinoma  cells  were  grown 
in  the  presence  of  hyaluronan,  chondroitin  sulfate  A,  or  he¬ 
parin  for  up  to  seven  days,  the  rate  of  proliferation  was  not 
altered,  indicating  that  these  glycosaminoglycans  were  not 
toxic  at  the  range  of  concentrations  tested  (data  not  shown). 
These  results  suggest  that  hyaluronan  may  play  a  role  in 
ovarian  carcinoma  cell  invasion. 

The  composition  of  the  adhesive  substratum  does  not  affect 
the  proliferative  abilities  of  ovarian  carcinoma  cells 

We  were  next  interested  in  determining  whether  different 
ECM  molecules  on  the  surface  of  the  wells  affected  the 
growth,  and  thus,  the  invasion,  of  the  ovarian  carcinoma 
cells.  The  first  step  in  this  model  system  requires  growing 
the  mesothelial  cells  to  confluency  in  the  wells.  During  this 
48-h  period,  mesothelial  cells  have  been  shown  to  pr^uce 
a  variety  of  ECM  molecules  [5].  During  the  next  seven 
days,  while  the  ovarian  carcinoma  cells  wo'e  co-cultured 
with  the  mesothehal  cells,  the  mesothelial  cells  appeared 
to  be  pushed  aside  by  the  invading  ovarian  carcinoma  cells. 
In  addition,  the  ovarian  carcinoma  cells  appeared  to  spread 
and/or  proliferate  on  the  cleared  off  areas  of  the  wells.  Thus, 
it  is  possible  that  the  underlying  ECM  molecules  that  were 
secreted  by  the  mesothelial  cells  may  be  promoting  the  pro¬ 
liferation  and  growth  of  the  ovarian  carcinoma  cells.  Earlier 
studies  by  Niedbala  et  al.  [4]  had  postulated  that  such  a 
scenario  may  be  occurring.  Thus,  we  wished  to  determine 
whether  the  ovarian  carcinoma  cells  proliferate  (and  not 
just  spread  out)  on  a  variety  of  ECM  molecules  that  are 
synthesized  by  the  mesothelial  cells.  To  examine  the  ef¬ 
fects  of  adhesive  substrata  on  the  proliferative  ability  of  the 
ovarian  carcinoma  cells,  NIH:OVCAR5  were  cultured  as 
monolayers  in  96-well  plates  that  were  coated  wife  differ¬ 
ent  ECM  components  known  to  be  secreted  by  mesothelial 
cells:  fibronectin,  laminin,  type  IV  coUagen,  and  hyaluronan 
(Figure  4)  [5,  35].  The  ovarian  carcinoma  cells  prolifer¬ 
ated  rapidly  within  fee  first  24  h  of  fee  assay  regardless  of 
fee  ECM  component  on  which  they  were  growing.  Moder¬ 
ate  growth  rates  were  observed  between  days  3  and  7  on 
each  of  the  ECM  molecules  (Figure  4).  Thus,  we  observed 
feat  fee  NIH:OVCAR5  cells  proliferated  equally  well  in  fee 
presence  of  any  of  the  four  ECM  molecules  we  tested  as  ad¬ 
hesive  substrata.  Interestingly,  none  of  fee  ECM  molecules 
feat  we  tested  preferentially  increased  or  decreased  ovarian 
carcinoma  cell  proliferation. 

Differential  expression  of  genes  associated  with  cell 
invasion  in  normal  and  malignant  ovarian  tissues 

Since  cancer  cell  invasion  is  thought  to  be  mediated  by  a 
complex  interaction  between  MMPs,  ADAMs,  and  TIMPs, 
we  decided  to  determine  whether  these  genes  are  differ¬ 
entially  expressed  in  ovarian  carcinoma  tissues,  compared 
to  normal  ovaries.  Gene  Logic  Inc.  quantitated  fee  ex¬ 
pression  levels  of  12,000  known  genes  and  48,000  ESTs 
using  Asymetrix  GeneChip®  U_95  arrays  on  RNA  sam- 


normal  omenta.  We  limited  our  analysis  to  fee  82  gene  frag¬ 
ments  or  48  different  genes  that  contained  fee  word  ‘MMP’, 
‘TIMP’,  or  ‘ADAM*.  The  gene  expression  values  for  these 
82  gene  fragments  were  then  analyzed  by  fee  Gene  Logic 
GeneExpress®  Software  System  in  order  to  identify  those 
genes  feat  were  over-  or  under-expressed  2-fold  or  more  in 
ovarian  carcinoma  samples  compared  to  normal  ovary  sam¬ 
ples  or  normal  omentum  samples.  Genes  associated,  wife  cell 
invasion  were  selected  for  further  analysis  only  if  their  mean 
expression  intensity  values  were  greater  fean  or  equal  to  100 
for  fee  tumor  samples  and  were  classified  as  ‘present’  by  fee 
Gene  Logic  GeneExpress®  Software  System. 

By  performing  gene  expression  analysis,  we  analyzed 
94  different  tissue  samples  for  their  expression  levels  of  82 
gene  fragments  related  to  cell  invasion.  This  process  led  us 
to  generate  almost  8,000  data  points.  Eisen  Ouster  analysis 
(Figure  5)  allows  for  a  visual  depiction  of  fee  range  of  flu¬ 
orescent  values  for  fee  various  samples.  For  example,  75% 
(15/20)  of  fee  primary  ovarian  carcinoma  samples  and  82% 
(14/17)  of  fee  secondary  omental  metastases  samples  ex¬ 
pressed  high  levels  of  MMP  7;  indicated  by  fee  boxes  feat 
are  shades  of  red.  In  contrast,  only  4%  (2/50)  of  fee  normal 
ovary  samples  express  low  levels  of  MMP  7;  shown  by  fee 
two  boxes  that  are  faintly  red.  The  intensity  of  color  depicts 
the  level  of  expression  of  each  gene. 

Nine  genes  appeared  to  be  differentially  expressed  be¬ 
tween  fee  cancerous  tissues  and  fee  normal  tissue  counter¬ 
parts.  The  fluorescent  intensity  values  for  these  nine  genes 
are  shown  in  Figure  5.  ADAM  8,  ADAM  9,  MMP  7, 
MMP  9,  and  MMP  11  were  highly  expressed  in  both  pri¬ 
mary  ovarian  carcinomas  and  secondary  omental  metastases, 
compared  to  normal  ovaries  and  omenta  (Figure  5).  Compar¬ 
ison  of  fee  expression  values  assigned  to  these  gene  tran¬ 
scripts  confirmed  significant  mean  fold  increases  of  these 
transcripts  in  tumor  samples  compared  to  normal  tissues 
(Table  4).  The  tissue  distribution  of  MMP  7  gene  expres¬ 
sion  was  found  to  show  fee  most  marked  change  among 
fee  gene  fragments  we  studied.  Expression  of  MMP  7  was 
90-fold  higher  in  primary  ovarian  carcinoma  tissues  com¬ 
pared  to  normal  ovaries,  97-fold  higher  in  secondary  ovarian 
carcinoma  tumors  compared  to  normal  ovaries,  and  37-fold 
higher  in  secondary  ovarian  carcinoma  tumors  compared 
to  normal  omentum  (Table  4).  In  addition,  fee  expression 
of  MMP  9  transcripts  increased  over  Srfold,  while  fee  ex¬ 
pression  of  ADAM  8,  ADAM  9,  and  MMP  11  transcripts 
increased  over  2-fold  (Table  4).  In  contrast,  fee  expres¬ 
sion  of  gene  transcripts  of  TIMP  2,  TIMP  1,  MMP  2,  and 
ADAMTS  1,  was  down-regulated  2.0  to  4.4-fold  in  tumor 
tissues  compared  to  normal  samples  (Rgure  5  and  Table  4). 

Discussion 

Currently,  cancer  cell  invasion  is  most  commonly  measured 
by  fee  ability  of  the  cells  to  invade  through  Matrigel  [2],  a 
mixture  of  matrix  components  synthesized  by  mouse  EHS 
tumors  feat  approximates  fee  basement  membrane  ECM 
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through  which  cancer  cells  invade  [3],  While  the  Matrigel 
invasion  assay  provides  an  ECM  through  which  cancer  cells 
can  invade,  there  are  several  caveats  to  this  procedure.  Ma- 
trigei  is  a  mixture  of  ECM  components  synthesized  by 
mouse  sarcoma  cells,  which  is  a  less  than  ideal  milieu  to 
examine  metastasis  in  human  ovarian  carcinoma  cells.  More 
importantly,  this  assay  measures  interactions  between  tumor 
cells  and  ECM  components,  but  not  cell-K:ell  interactions 
between  tumor  cells  and  target  cells.  Ovarian  carcinoma  dif¬ 
fers  from  most  other  types  of  cancer  in  the  means  by  which 
it  spreads  to  secondary  sites.  Namely,  most  other  types  of 
cancer  metastasize  to  secondary  sites  via  the  blood  stream 
and  thus,  invade  through  the  ECM  that  underlies  endothe¬ 
lial  cells  lining  blood  vessels.  In  contrast,  ovarian  carcinoma 
ceDs  spread  to  secondary  sites  by  adhering  to  the  mesothelial 
cells  that  line  the  organs  of  the  peritoneal  cavity.  Thus,  the 
focus  of  this  study  was  on  the  interaction  between  ovarian 
carcinoma  cells  with  mesothelial  cells. 

Niedbala  et  al.  [4]  described  a  model  system  for  studying 
the  interaction  of  radiolabeled  ovarian  carcinoma  cells  with: 
(i)  monolayers  of  mesothehal  cells  grown  on  bovine  comeal 
endothelial  cell  ECM,  (ii)  ECM  alone,  or  (iii)  plastic.  After 
a  72  h  incubation,  Niedbala  et  al.  [4]  observed  a  retraction  of 
the  mesothelial  cell  monolayers  in  the  presence  of  the  ovar¬ 
ian  carcinoma  cells.  Our  model  system  was  similar  to  that  of 
Niedbala  et  al.  [4];  however,  we  pmneabilized  the  mesothe¬ 
lial  cell  monolayers  with  DMSO  prior  to  the  addition  of 
the  ovarian  carcinoma  cells,  based  on  the  work  of  Yu  et  al. 
[14].  In  addition,  we  did  not  precoat  the  wells  with  ECM 
components  prior  to  the  addition  of  the  mesothelial  cells. 
Interestingly,  the  retraction  described  by  Niedbala  et  al.  [4] 
seems  to  be  similar  to  what  we  observed  after  72  h  of  co- 
culture.  Namely,  the  mesothelial  cells  appeared  to  be  pushed 
aside  by  the  invading  ovarian  carcinoma  Cells,  similar  to  how 
a  snowplow  pushes  snow  into  piles.  Then,  as  days  passed, 
the  areas  cleared  away  by  the  invasive  ovarian  carcinoma 
cells  became  occupied  by  more  spreading  and  proliferating 
ovarian  carcinoma  cells.  In  this  study,  we  have  extended  the 
descriptive  experiments  of  others  in  an  effort  to  identify  the 
cell  surface  molecules  that  may  play  a  role  in  this  cell-K:ell 
interaction  and  invasion  process. 

The  in  vitro  cell-based  ovarian  carcinoma  cell  invasion 
assay  described  herein  has  several  advantages  over  other  in¬ 
vasion  assays.  First,  the  in  vitro  invasion  model  described 
herein  is  comprised  of  cells  and  ECM  components  of  hu¬ 
man  origin,  derived  from  human  mesothelid  cells,  unlike 
Matrigel,  which  is  murine  in  origin,  or  bovine  corneal 
endothelial  cells  used  by  Niedbala  et  al.  [4].  We  have  pre¬ 
viously  published  that  the  human  mesothelial  cell  line  LP9 
forms  a  confluent  monolayer  in  tissue  culture-treated  plastic 
wells  witl^  48  h  [5].  We  have  shown  that  during  a  48-h  pe¬ 
riod,  this  mesothelial  cell  line  secretes  the  ECM  molecules: 
fibronectin,  laminin,  type  I  collagen,  type  IV  collagen,  and 
hyaluronan  [5].  Since  the  mesothelial  cells  secrete  an  abun¬ 
dance  of  ECM  molecules  during  the  48-h  period  prior  to  the 
start  of  the  invasion  assay,  we  did  not  find  it  necessary  to 
precoat  the  wells  with  ECM  molecules  from  other  sources. 
Furthermore,  since  these  human  mesothelial  cells  did  not  de- 
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Table  4.  Genes  associated  with  cell  invasion  are  difierentially  ex¬ 
pressed  in  ovarian  carcinoma. 


Gene 

1®  tumor; 
normal  ovary 

2®  tumor: 
normal  ovary 

2®  tumor: 

nonnal  omentum 

MMP7 

90.lt 

97.0 1 

37.4 1 

MMP9 

5.7 1 

9.5  t 

- 

MMPll 

2.3  t 

4.6  t 

7.9 1 

ADAMS 

2.3  t 

2.0 1 

_ 

ADAM9 

- 

2.0 1 

- 

mipi 

- 

_ 

s.n 

ADAMTSl 

3.9 1 

4.U 

4Ai 

TIMP2 

2.2 1 

- 

- 

MMP2 

2.04. 

- 

- 

The  mean  fold  change  ratio  differences  in  gene  egression  were  com¬ 
pared  between  20  primary  ovarian  carcinoma  tumors  and  50  normal 
ovaries,  and  between  17  secondary  omental  metastases  and  7  normal 
omenta,  hi  those  cases  where  die  ratio  of  mean  fold  change  between 
tumorrnormal  tissue  was  less  than  2.0,  then  the  ratio  is  denoted  as 

tach  from  the  plastic  wells  during  the  course  of  the  seven-day 
invasion  assay,  it  was  not  necessary  to  treat  the  mesothelial 
cells  with  a  harsh  fixative  that  could  have  altered  the  cell 
surface  adhesion  molecules.  Matrigel  is  not  completely  char¬ 
acterized,  and  may  contain  murine-^ecific  components  that 
may  alter  the  function  of  human  cells.  Interestingly,  others 
have  shown  that  the  addition  of  exogenous  hyaluronan  to 
Matrigel  alters  glioma  cell  invasion  [15],  suggesting  that  the 
precise  composition  of  the  invasive  matrix  is  critical  in  the 
accurate  assessment  of  tumor  cell  invasion.  Second,  unlike 
the  Matrigel  invasion  assay,  this  in  vitro  invasion  model  is 
a  cell-based  assay  that  allows  interactions  to  occur  between 
tumor  cells  and  permeabilized  target  mesothelial  cells.  Al¬ 
though  not  as  ideal  as  live  mesothelial  cells,  the  use  of  the 
permeabilized  mesothelial  cells  as  an  invasive  matrix  more 
closely  approximates  in  vivo  conditions  than  the  mixture 
of  ECM  components  that  comprise  Matrigel.  Thus,  our  in 
vitro  invasion  model  may  provide  a  more  accurate  gauge  of 
metastatic  events.  Third,  our  in  vitro  model  facilitates  in-' 
teractions  between  ovarian  carcinoma  cells  and  mesothelial 
cells,  their  most  likely  in  vivo  targets  of  metastasis,  provid¬ 
ing  a  more  optimal  environment  in  which  to  study  ovarian 
carcinoma  cell  invasion.  Furthermore,  this  model  could  eas¬ 
ily  be  adapted  to  measure  the  invasive  cq>acities  of  other 
types  of  tumor  cells. 

We  initially  attempted  to  perform  invasion  assays  using 
live  mesothelial  cell  monolayers.  Ovarian  carcinoma  cells 
and  mesothelial  cells  were  labeled  with  different  fluorescent 
dyes  prior  to  their  use  in  the  assay.  However,  the  fluorescent 
dyes  diluted  to  undetectable  levels  after  approximately  six  to 
eight  cell  divisions,  rendering  this  assay  unsuitable  within  a 
few  days.  For  this  reason,  we  permeabilized  the  mesothelial 
cell  monolayers  for  use  as  a  matrix  of  invasion.  The  perme¬ 
abilized  mesothelial  cells  were  not  able  to  exclude  trypan 
blue  dye,  and  thus  they  stained  blue,  while  the  ovarian  carci¬ 
noma  cells  did  not  retain  the  dye  and  remained  clear.  Thus,  it 
was  quite  easy  to  distinguish  between  the  mesothelial  cells 
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and  the  ovarian  carcinoma  cells  without  using  fluorescent 
dyes  or  radioactive  material. 

The  invasive  process  was  easily  visualized  in  this  cell- 
based  model.  Ovarian  carcinoma  cells  readily  adhered  to, 
spread  upon,  and  invaded  through  the  mesothelial  cell  mono- 
layers.  After  the  formation  of  invasive  foci,  the  cancer 
cells  proliferated  and  displaced  the  mesothelial  cells.  In¬ 
terestingly,  the  mesothelial  cells  did  not  stimulate  contact 
inhibition  in  the  invading  ovarian  carcinoma  cells.  It  is  still 
possible,  however,  that  mesothelial  cells  may  provide  an 
inhibitory  effect  upon  ovarian  carcinoma  cell  invasion  or 
proliferation  in  vivo. 

The  pericellular  matrices  that  coat  mesothelial  cell 
monolayers  is  comprised  of  numerous  ECM  components, 
including  glycoproteins  and  proteoglycans  [5,  9].  To  deter¬ 
mine  whefter  adhesion  to  a  particular  substrata  may  affect 
ovarian  carcinoma  cell  proliferation,  the  cells  were  cultured 
in  96-well  plates  coated  with  fibronectin,  type  IV  collagen, 
laminin,  or  hyaluronan,  the  major  components  of  mesothe¬ 
lial  cell  ECM  [5, 9].  The  ovarian  carcinoma  cells  adhered  to 
all  of  the  substrata  and  grew  to  confluence.  The  composition 
of  the  adhesive  substrata  failed  to  affect  the  cells’  ability  to 
proliferate,  which  suggests  that  the  general  phenomenon  of 
cell  adhesion  mediates  ovarian  carcinoma  ceU  proliferation, 
rather  than  adhesion  to  a  particular  substratum.  Further  stud¬ 
ies  are  required  to  determine  the  role  of  the  mesothelial  cells 
as  positive  or  negative  effectors  of  secondary  tumor  growth 
in  ovarian  cancer. 

In  the  assays  whereby  we  attempted  to  inhibit  the  in¬ 
vasion  of  the  ovarian  carcinoma  cells  into  the  mesothelial 
cell  monolayers,  we  allowed  the  ovarian  carcinoma  cells  to 
settle  onto  the  mesothelial  cell  monolayers  for  1  h  prior  to 
the  addition  of  the  potential  inhibitors.  This  time  point  was 
selected  so  as  to  ensure  that  when  we  added  the  potential 
‘inhibitors  of  invasion’  to  the  assay,  there  would  be  no  con¬ 
cern  that  the  ‘inhibitors  of  invasion’  may  be  inhibiting  cell 
adhesion  instead.  We  have  previously  published  that  ovar¬ 
ian  carcinoma  cells  adhere  very  rapi^y  to  mesothelial  ceU 
monolayers  [5];  over  60%  of  the  ovarian  carcinoma  ceUs  ad¬ 
here  within  30  min  and  over  90%  adhere  within  45-60  min. 
Therefore,  we  added  our  ‘inhibitors*  1  h  after  the  ovarian 
carcinoma  ceUs  were  added  to  the  weUs,  so  that  the  initial 
stages  of  adhesion  would  not  be  affected.  Furthermore,  this 
assay  was  designed  to  more  closely  mimic  the  in  vivo  sit¬ 
uation,  whereby  the  patient’s  ovarian  carcinoma  cells  are 
already  present  in  their  peritoneal  cavity,  and  may  have  al¬ 
ready  adhered  to  the  surface  of  the  mesothelial  ceUs.  Thus, 
we  were  testing  ‘inhibitors’  to  see  if  they  can  disrupt  the 
invasion,  not  the  adhesion  of  ovarian  carcinoma  cells. 

Ovarian  carcinoma  ceU  invasion  was  partiaUy  inhibited 
by  the  addition  of  GM6001,  a  potent  chemical  inhibitor  of 
MMP-1,  -2,  -3,  -8,  and  -9.  The  presence  of  this  inhibitor 
slowed  ceU  invasion,  although  the  phenomenon  was  not 
completely  halted  at  seven  days.  Perhaps  other  degradative 
enzymes  accumulated  at  sufficient  concentrations  to  over¬ 
come  the  inhibitory  effect  of  GM6001.  GM6001  did  not 
negatively  affect  ovarian  carcinoma  cell  adhesion  to  the 
mesothelial  ceU  monolayers,  or  subsequent  spreading  of  the 


adherent  ovarian  carcinoma  ceUs.  Furthermore,  GM6001 
was  not  toxic  to  the  ovarian  carcinoma  ceUs  at  the  concen¬ 
trations  tested.  In  order  to  determine  which  of  the  various 
MMPs  may  be  affected  by  GM6001  in  this  model  system, 
we  also  tested  mAbs  against  MMP  2  and  MMP  9.  Both  of 
these  mAbs  were  able  to  partiaUy  inhibit  the  invasion  of  the 
ovarian  carcinoma  cells,  indicating  that  these  MMPs  may  be 
involved  in  ovarian  carcinoma  ceU  invasion.  When  TIMP-l 
and  TIMP-2  were  tested  in  this  model  system,  they  served  as 
effect  inhibitors  of  invasion  up  to  day  4  of  the  assay,  but  were 
not  effective  by  day  7.  Again,  it  is  possible  that  other  prote¬ 
olytic  enzymes  that  are  not  affected  by  TIMP-l  and  TIMP-2 
may  be  involved  in  this  invasive  process.  Future  studies  are 
planned  to  pinpoint  the  exact  proteases  that  play  a  role  in  the 
invasion  of  ovarian  carcinoma  ceUs  through  mesotheUal  ceU 
monolayers,  including  other  classes  of  proteases,  using  this 
model  system. 

We  have  previously  shown  that  the  j51  integrins  play  a 
major  role  in  the  adhesion  of  ovarian  carcinoma  ceUs  to 
mesotheUal  cell  monolayers  [5].  In  addition,  we  have  also 
shown  that  the  ^1  integrins  play  a  major  role  in  ovarian 
carcinoma  ceU  migration  toward  ECM  components  [7].  In 
this  study,  we  observed  that  ovarian  carcinoma  ceU  inva¬ 
sion  through  mesotheUal  ceU  monolayers  was  inhibited  by 
the  addition  of  the  GRGDSP  peptide  or  a  blocking  mAb 
against  the  integrin  subunits.  In  addition,  the  ovarian 
carcinoma  ceUs  remained  more  rounded  up  in  the  presence 
of  the  GRGDSP  peptide  or  the  blocking  mAb  against  the 

integrin  subunit.  However,  ceU  invasion  was  not  altered 
by  the  addition  of  the  control  GRGESP  peptide  or  by  block¬ 
ing  mAbs  against  the  various  alpha  integrin  subunits.  It  is 
not  too  surprising  that  none  of  the  mAbs  against  the  al¬ 
pha  integrin  subunits  had  an  effect  on  invasion,  since  these 
same  mAbs  (although  functionaUy  active)  were  not  able  to 
inhibit  the  short-term  adhesion  of  ovarian  carcinoma  cells 
to  mesotheUal  ceU  monolayers  [5].  It  is  likely  that  each 
individual  alpha  subunit  plays  a  role  in  the  adhesion  and 
invasion  process.  However,  since  there  are  multiple  alpha 
subunits  fliat  complex  with  the  )51  integrin  subunit,  we  were 
not  able  to  completely  block  this  interaction.  We  have  previ¬ 
ously  shown  that  this  mAb  against  the  p  1  integrin  subunit  is 
extremely  powerful  in  its  abiUty  to  inhibit  the  adhesive  and 
migratory  activity  of  the  )81  integrin  subunit  [5-7],  perhaps 
since  it  can  simultaneously  block  all  of  the  alpha  subunits 
with  which  it  complexes  (i.e.,  al,  a2,  a3,  a4,  a5,  and  ct6) 
as  well.  Interestingly,  the  stimulatory  mAb  against  the  ^1 
integrin  subunit  served  to  partially  Inhibit  flie  invasion  of  flie 
ovarian  carcinoma  ceUs.  In  addition,  this  stimulatory  mAb 
increased  the  area  of  spreading  of  the  ovarian  carcinoma 
ceUs  on  the  mesotheUal  ceU  monolayer. 

CD44  has  been  shown  to  mediate  ovarian  carcinoma  cell 
adhesion  to  ECM  components  and  to  mesotheUal  cells  [5, 8, 
9].  We  therefore  had  expected  that  the  mAh  against  CD44 
would  also  affect  ceU  invasion.  Interestingly,  we  observed 
that  the  mAb  against  CD44  only  caused  a  minimal  inhibi¬ 
tion  of  cell  invasion  at  day  7.  One  possible  explanation  for 
this  lack  of  activity  could  be  attributed  to  the  treatment  of 
the  mesotheUal  ceUs  with  DMSO  prior  to  the  addition  of 
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the  ovarian  carcinoma  cells.  Thus,  one  could  argue  that  per- 
meabilization  of  the  mesothelial  cells  had  altered  the  CD44, 
such  that  the  mAh  against  CD44  was  no  longer  able  to  ad¬ 
here  to  the  cells.  However,  previous  studies  by  Yu  et  al. 
[14]  had  shown  that  CD44  on  the  surface  of  murine  mam¬ 
mary  carcinoma  cells  was  still  functionally  active  following 
treatment  with  DMSO.  In  order  to  rule  out  the  possibility 
that  permeabilization  of  the  mesothelial  cells  had  altered 
the  CD44  in  our  model  system,  we  performed  immunohis- 
tochemistry  on  the  permeabilized  cells.  We  found  that  the 
mAh  against  CD44  bound  to  the  permeabilized  cells  and 
stained  positively  by  immunohistochemistry ;  thus,  treatment 
with  DMSO  does  not  alter  CD44  in  these  cells.  Interestingly, 
high  concentrations  of  exogenous  hyaluronan  inhibited  the 
invasive  ability  of  the  ovarian  carcinoma  cells,  while  chon- 
droitin  sulfate  A  and  heparin  had  no  effect.  This  suggests 
that  ovarian  carcinoma  cell  invasion  through  mesothelial  cell 
monolayers  may  be  partially  mediated  by  hyaluronan,  while 
the  role  of  CD44  in  this  process  is  not  clear. 

Because  tumor  ceU  invasion  has  been  attributed  to  alter¬ 
ations  in  the  net  expression  of  MMPs,  TIMPs,  and  ADAMs, 
the  expression  of  these  gene  transcripts  was  examined  in 
ovarian  carcinoma  tumors,  secondary  metastases,  normal 
ovaries,  and  normal  omenta.  Several  genes  associated  with 
cell  invasion  were  differentially  expressed.  In  primary  ovar¬ 
ian  carcinoma  tumors  and  secondary  omental  metastases,  the 
level  of  expression  of  ADAM  8,  ADAM  9,  MMP  7  (also 
known  as  uterine  matrilysin),  MMP  9  (also  known  as  gelati- 
nase  B,  92  kD  gelatinase,  and  92  kD  type  IV  collagenase), 
and  MMP  11  (also  known  as  stromelysin  3)  transcripts  was 
much  greater  than  that  of  normal  ovaries  and  omenta.  High 
levels  of  gene  expression  of  UMP  1,  TIMP  2,  MMP  2  (also 
known  as  gelatinase  A,  72  kD  gelatinase,  and  72  kD  type  IV 
collagenase),  and  ADAMTS  1  were  observed  in  samples 
obtained  from  normal  ovaries  and  omenta  compared  to  ovar¬ 
ian  carcinoma  samples.  TIMPs  complex  with  and  inactivate 
MMPs.  Although  relatively  high  levels  of  MMP  2  were  also 
detected  in  normal  tissues,  the  simultaneous  expression  of 
the  TIMPs  suggest  that  the  MMP  may  be  present  in  an  inac¬ 
tive  state,  or  that  the  TIMPs  are  present  in  adequate  amounts 
to  inhibit  MMP  activity. 

In  ovarian  carcinoma,  increased  secretion  and  activity  of 
MMP  2  and  UMP  1,  but  not  TIMP  2  has  been  reported 
[20-23].  Increased  expression  of  MMP  7  mRNA  has  also 
been  observed  in  ovarian  cancers  [36,  37].  Our  gene  ex¬ 
pression  experiments  indicated  that  MMP  7  RNA  levels  in 
ovarian  carcinoma  tissue  samples  were  90-fold  greater  than 
the  levels  in  normal  ovary  tissues.  The  ADAMs  are  a  re¬ 
cently  discovered  family  of  cell  adhesion  receptors,  most  of 
which  are  imposed  of  pro-,  metalloproteinase,  disintegrin- 
like,  cysteine-rich,  EGF-like  repeat,  transmembrane  and 
cytoplasmic  tail  domains  [24,  25].  Type  I  and  type  n  pro- 
collagens  can  be  degraded  by  an  ADAMTS  [26],  which  may 
augment  cancer  cell  invasion.  Since  it  is  not  known  whether 
the  collagenase  activity  of  ADAMTS  is  susceptible  to  ef¬ 
fectors  of  MMP  activity,  such  as  GM6001,  members  of  the 
ADAM  family  may  provide  an  alternate  degradative  path¬ 
way  that  contributes  to  cancer  cell  invasion.  Upregulation 


355 

of  ADAM  12  and  ADAM  15  domains  in  melanoma  cells 
resulted  in  enhanced  cell  adhesion  [27].  Cell  migration  in 
fibroblast  cells  was  increased  by  the  binding  of  an  ADAM  9 
fusion  protein  via  integrin  a6p  1  [38].  The  role  of  ADAMs  in 
cancer  metastasis  is  not  well  understood,  but  their  ability  to 
affect  cellular  functions  suggests  that  they  may  contribute 
to  cancer  cell  invasion.  MMPs,  TIMPs,  and  ADAMs  are 
believed  to  regulate  cancer  cell  invasion,  but  their  particular 
interactions  are  not  fully  understood.  More  comprehensive 
gene  expression  experiments  are  planned  in  the  future  in  or¬ 
der  to  determine  those  genes  that  are  differentially  expressed 
among  ovarian  carcinoma  cells  that  are  adherent  to  plastic 
vs.  ECM  vs.  mesothelial  cell  monolayers.  These  gene  ex¬ 
pression  experiments  may  provide  insight  into  the  complex 
process  of  ovarian  carcinoma  cell  invasion. 

In  summary,  in  this  study  we  report  the  development  of 
an  in  vitro  dye-based  model  system  to  study  ovarian  car¬ 
cinoma  cell  invasion.  Tbe  primary  advantage  this  model 
system  has  over  the  commonly  used  Matrigel  invasion  assay 
lies  in  its  similarity  to  in  vivo  conditions  found  in  ovarian 
carcinoma.  The  use  of  mesofiielial  ceU  monolayers  as  an 
invasive  matrix  enables  one  to  study  ceU-ceU  interactions 
that  are  not  available  in  Matrigel  assays.  In  addition,  this 
model  system  uses  only  human  ECM  molecules  and  non¬ 
radioactive  means  to  quantitate  ceU  invasion.  Using  this 
model  system,  ^1  integrin  subunits,  MMPs,  and  hyaluronan 
were  found  to  be  involved  in  mediating  ovarian  carcinoma 
ceU  invasion.  Furthermore,  our  gene  expression  analysis 
supports  the  results  we  obtained  with  the  model  system;  re¬ 
vealing  differential  expression  of  MMP,  TEMP,  and  ADAM 
genes  in  ovarian  carcinoma  tumors.  Taken  together,  the  in¬ 
vasion  model  system  and  the  differential  gene  expression 
results  may  help  elucidate  the  events  that  regulate  ovarian 
carcinoma  cell  invasion  and  metastasis. 
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ABSTRACT 


Ovarian  cancer  remains  the  fifth  leading  cause  of  cancer  death  for  women  in  the  United  States. 
In  diis  study,  the  gene  expression  of  20  ovarian  carcinomas,  17  ovarian  carcinomas  metastatic  to 
the  omentum,  and  50  normal  ovaries  was  determined  by  Gene  Logic  Inc.  using  Affymetrix 
GeneChip®  HU_95  arrays  containing  approximately  12,000  known  genes.  Differences  in  gene 
expression  were  quantified  as  fold  changes  in  gene  expression  in  ovarian  carcinomas  compared 
to  normal  ovaries  and  ovarian  carcinoma  metastases.  Genes  up-regulated  in  ovarian  carcinoma 
tissue  samples  compared  to  over  300  other  normal  and  diseased  tissue  samples  were  identified. 
Seven  genes  were  selected  for  further  screening  by  immunohistochemistry  to  determine  the 
presence  and  localization  of  the  proteins.  These  seven  genes  were:  the  p8  integrin  subunit,  bone 
morphogenetic  protein-7,  claudin-4,  collagen  type  IX  a2,  cellular  retinoic  acid  binding  protein-1, 
forkhead  box  Jl,  and  SI  00  calcium  binding  protein  A1 .  Statistical  analyses  showed  that  the  ^8 
integrin  subumt,  claudin-4,  and  SlOOAl  provided  the  best  distinction  between  ovarian  carcinoma 
and  normal  ovary  tissues,  and  may  serve  as  the  best  candidate  tumor  markers  among  the  seven 
genes  studied.  These  results  suggest  that  further  exploration  into  other  up-regulated  genes  may 
identify  novel  diagnostic,  therapeutic,  and/or  prognostic  biomarkers  in  ovarian  carcinoma. 
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INTRODUCTION 


Ovarian  cancer  is  the  leading  cause  of  gynecological  malignancy  in  North  American 
women.  Each  year  in  the  U.S.,  approximately  24,000  new  cases  of  ovarian  cancer  are  diagnosed 
and  14,000  deaths  are  attributed  to  this  disease  (1).  Contributing  to  the  poor  prognosis  is  the  lack 
of  symptoms  in  the  early  stages  of  the  disease.  Over  75%  of  diagnoses  are  made  in  stage  m  and 
rv,  after  distant  metastasis  has  occurred.  The  five-year  survival  rate  for  women  diagnosed  with 
late-stage  disease  is  25%,  compared  to  over  90%  for  women  diagnosed  with  stage  I  of  the 
disease  (1). 

CA-125  is  a  glycoprotein  antigen  that  is  elevated  in  the  serum  of  a  majority  of  women 
with  late-stage  disease  (2).  However,  it  is  elevated  in  only  half  of  patients  with  stage  I  disease, 
and  thus  has  limited  use  in  the  early  detection  of  ovarian  cancer  (2).  In  addition,  CA-125  can 
also  be  elevated  in  patients  with  ofiier  types  of  cancer  as  well  as  non-malignant  conditions. 

Many  groups  have  attempted  to  develop  biomarkers  for  ovarian  carcinoma  to  be  used 
individually  or  in  conjunction  with  CA-125  in  order  to  improve  the  sensitivity  and  specificity  of 
diagnostic  tests.  Such  markers  include:  oncofetal  antigens,  mucin-associated  antigens,  entymes, 
co-en2ymes,  enzyme  inhibitors,  receptors,  cytokines,  hormones,  lipids,  sialylated  lipids,  other 
proteins,  and  peptides  (3).  However,  none  of  diese  markers,  except  possibly  lysophosphatidic 
acid,  has  been  shown  to  be  consistently  more  sensitive  than  CA-125  (3). 

In  recent  years,  large-scale  gene  expression  analyses  have  been  performed  to  identify 
differentially  expressed  genes  in  ovarian  carcinoma  (4-22).  A  common  goal  of  these  studies  was 
to  identify  potential  tumor  markers  for  the  diagnosis  of  early-stage  ovarian  cancer,  as  well  as  to 
utilize  these  markers  as  targets  for  improved  therapy  and  treatment  of  the  disease  during  all 
stages.  These  earlier  studies  compared  the  gene  expression  profiles  of  tissues  or  cell  lines 
derived  from  ovarian  cancer  samples,  normal  ovaries,  other  normal  samples,  and  other  types  of 


Page  #3 


tumors  (4-22).  A  major  problem  in  identifying  genes  up-regulated  in  ovarian  carcinoma  is  that 
normal  ovary  epithelial  ceils  are  very  difficult  to  obtain  in  large  enough  numbers  to  perform  gene 
microarray  ejqperiments.  Althou^  some  groups  have  used  the  cells  which  are  on  the  surface  of 
normal  ovaries,  it  is  still  controversial  whether  these  cells  truly  serve  as  the  normal  counterpart 
for  ovarian  epithelial  tumors  (23).  The  cumulative  results  of  these  gene  expression  studies  reveal 
over  150  potentially  up-regulated  genes  that  are  associated  with  ovarian  cancer.  However,  only  a 
small  portion  of  the  genes  reported  as  up-regulated  in  ovarian  carcinoma  were  further  validated 
by  a  second  technique  such  as  immunohistochemical  analysis  or  RT-PCR.  A  number  of  the 
genes  that  show  promise  as  biomarkers  based  on  dieir  secondaiy  validation  include:  ApoJ, 
claudin-3,  claudin-4,  COL3A1,  HE4,  CD24,  LU,  progesterone  binding  protein,  mucin  1, 
lyudocan,  E16,  osteoblast  specific  factor-2,  prostatin,  and  secretory  protein  P1.B  (4-12,24). 
Finally,  proteomics  and  two-dimensional  electrophoresis  protein  analysis  are  also  being  used  in 
an  attempt  to  identify  protein  patterns  that  are  unique  to  ovarian  c^cer  (25,26). 

In  this  study  we  sought  to  improve  upon  earlier  studies  by  comparing  the  gene  e^ession 
of  ovarian  carcinoma  tissue  samples  to  more  than  300  other  tissue  samples.  By  examining  a 
large  number  of  other  types  of  tissues,  it  was  possible  to  identify  genes  relatively  specific  to 
ovarian  carcinoma,  without  relyiug  entirely  upon  the  gene  expression  profile  of  normal  ovary 
epiflielial  cells.  Seven  known  genes  that  were  over-expressed  in  ovarian  carcinoma  tissues  were 
selected  for  further  analysis:  bone  morphogenetic  protein-?  (BMP-7),  the  p8  integrin  subunit, 
claudin-4,  cellular  retinoic  acid  binding  protein- 1  (CRABPl),  collagen  type  DC  ot2  (COL  DC  a2), 
forkhead  box  J1  (FOX  Jl),  and  SlOOAl.  In  order  to  verify  the  correspondiug  protein  expression 
of  these  seven  genes,  immimohistochemical  staining  was  performed  on  normal  ovaries,  ovarian 
carcinoma  tissues,  and  ovarian  carcinoma  tumors  metastatic  to  the  omentum.  Statistical  analyses 
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were  conducted  to  determine  how  well  the  expression  of  each  gene/protein  distinguishes  ovarian 
carcinoma  from  normal  ovarian  tissues. 

MATERIALS  AND  METHODS 

Tissue  Samples.  Tissues  were  obtained  from  the  University  of  Minnesota  Cancer  Center’s 
Tissue  Prociuement  Facility  upon  approval  by  the  University  of  Minnesota  Institutional  Review 
Board  (Protocol  #9608E1 1625).  Tissue  Procurement  Facility  employees  obtained  signed 
consent  from  each  patient,  allowing  procurement  of  excess  waste  tissue  and  access  to  medical 
records  (Protocol  #9602M10848).  Bulk  tumor  and  normal  tissues  were  identified,  dissected,  and 
snap  frozen  in  liquid  nitrogen  within  15-30  min  of  resection  from  the  patient.  Tissue  sections 
were  made  from  each  sample,  stained  with  hematoxylin  and  eosin,  and  examined  by  a 
pathologist  by  light  microscopy  to  confirm  flie  pathologic  state  of  e^h  sample.  Later,  a  second 
pathologist  confirmed  the  diagnosis  of  each  sample,  documented  the  percent  tumor  (typically 
100%),  and  documented  any  necrosis  (typically  none). 

Tissue  samples  from  50  normal  ovaries  (women  ranging  in  age  from  32  to  79  with  a 
mean  age  of  5 1 .0  years),  20  serous  papillary  ovarian  carcinoma  tumors  (age  range  of  29  to  79 
with  a  mean  age  of  57.6  years),  1 7  metastases  of  serous  papillary  ovarian  carcinoma  to  the 
omentum  (age  range  of  29  to  79  years  with  a  mean  age  of  59.7  years),  and  20  other  sets  of  tissue 
samples  were  provided  to  Gene  Logic  Inc.  (Gaithersburg,  MD)  for  microarray  analysis  as  part  of 
a  collaboration  with  the  University  of  Minnesota.  The  majority  of  ovarian  tumor  samples  were 
classified  as  stage  3  tumors,  while  the  tumor  grade  varied  among  the  samples.  None  of  the 
patients  had  been  treated  with  chemotherapy  prior  to  surgical  resection  of  the  tissue.  The  20 
other  tissue  sets  which  encompassed  304  different  tissue  samples  were:  12  normal  adipose  tissue, 

7  normal  cervix,  24  normal  colon,  1 1  normal  kidney,  12  normal  liver,  24  normal  lung,  7  normal 
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omentum,  12  normal  skeletal  muscle,  9  normal  skin,  8  normal  small  intestine,  55  normal  thymus, 
43  normal  myometrium,  1 1  normal  tonsil,  1 1  tonsils  with  lymphoid  hyperplasia,  7  colon 
adenocarcinoma,  7  lung  adenocarcinoma,  8  kidney  cell  carcinoma,  9  squamous  carcinoma  of  the 
lung,  8  gall  bladder  with  chronic  inflammation,  and  19  leiomyoma.  Upon  receipt  of  flie  tissue 
samples  at  Gene  Logic  Inc.,  a  third  pathologist  examined  the  hematoxylin  and  eosin  stained 
slides  to  verify  the  diagnosis. 

A  portion  of  the  ovarian  tissues  were  embedded  in  O.C.T,  by  the  Tissue  Procurement 
Facility  and  provided  to  us  for  the  pmpose  of  immunohistochemical  analysis;  specifically,  1 0 
normal  ovaries,  10  ovarian  carcinoma  tissues,  and  10  ovarian  tumors  metastatic  to  the  omentum. 
Fifteen  additional  tissues  (5  each  of  normal  ovaries,  ovarian  carcinoma  tumors,  and  ovarian 
carcinoma  tumors  metastatic  to  the  omentum)  were  also  embedded  in  O.C.T.  by  the  Tissue 
Procurement  Facilify  and  provided  to  us  for  the  purpose  of  immimohistOchemical  analysis. 

These  15  additional  tissues  were  not  among  the  tissues  analy2%d  by  Gene  Logic  Inc. 

Gene  Expression  Analysis.  All  tissue  samples  underwent  stringent  quality  control  measures  in 
order  to  verify  the  integrity  of  the  RNA  prior  to  use  in  gene  array  experiments.  Namely,  RNA 
was  isolated,  the  quantity  was  determined  spectrophotometrically,  and  the  quality  was  assessed 
on  agarose  gels.  Tissue  samples  were  not  used  if  the  RNA  yield  was  low  or  RNA  degradation 
was  evident.  Gene  expression  was  determined  by  Gene  Logic  Inc.  using  Affymetrix  HU  95 
arrays  containing  approximately  12,000  known  genes  and  48,000  EST’s  as  we  have  previously 
described  (27,28).  Briefly,  RNA  was  obtained  fi-om  20  serous  ovarian  carcinoma  tissues,  17 
ovarian  carcinoma  tumors  metastatic  to  the  omentum,  50  normal  ovaries,  and  304  other  tissue 
samples.  Gene  expression  analysis  was  performed  with  the  Gene  Logic  GeneExpress®  Software 
System  using  the  Gene  Logic  normalization  algorithm.  Sample  sets  were  created  in  which  each 
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sample  set  contained  gene  expression  data  from  all  of  die  tissues  of  a  particular  organ  or  tissue 
type.  Gene  signature  analyses  were  then  performed,  and  genes  were  defined  as  being  “present” 
in  a  sample  set  if  over  75%  of  die  samples  expressed  the  gene  above  background  levels. 

Fold  change  analyses  were  performed  in  which  the  ratio  of  the  geometric  means  of  the 
expression  intensities  for  each  gene  fragment  was  computed,  and  the  ratio  was  reported  in  terms 
of  the  fold  change  (up  or  down).  Confidence  intervals  and  p  values  on  the  fold  change  were  also 
calculated  using  a  two-sided  Welch  modified  two-sample  t-test.  Differences  were  considered 
significant  if  the  p  value  was  <  0.05.  Gene  fragments  that  were  most  discriminatory  between 
sample  sets  were  also  identified  by  Contrast  Analysis™  using  the  Gene  Logic  GeneExpress® 
Software  System.  A  subset  of  gene  fragments  was  then  further  analyzed  by  performing  e- 
Northems™  using  the  Gene  Logic  GeneExpress®  Software  System.  The  e-Northems™  provide 
a  visual  display  of  the  gene  expression  values  for  each  of  the  391  tissue  samples  belonging  to  a 
sample  set. 

Hierarchical  cluster  analyses  were  performed  using  Eisen  Cluster  Software  (29).  Data 
were  normalized  and  the  genes  were  clustered  using  ftie  complete  linkage  clustering  algorithm. 
Graphical  displays  of  the  gene  e3q)ression  data  were  obtained  by  using  Tree  View  Software 
(available  at  http://rana.lbl.gov/EisenSnftware.hfm) 

Antibodies.  Primary  antibodies  were  used  at  the  following  concentrations:  1  pg/ml  purified 
mouse  IgG  (mIgG)  was  used  as  a  negative  control  (Sigma,  St.  Louis,  MO);  1  pg/ml  monoclonal 
antibody  (mAb)  P5D2  against  the  pi  integrin  subunit  was  used  as  a  positive  control  (provided  by 
Dr.  Leo  Furcht,  University  of  Minnesota);  5  pg/ml  purified  mouse  mAb  against  the  pS  integrin 
subunit  (provided  by  Dr.  Stephen  Nishimura,  University  of  California  San  Francisco,  CA);  5 
pg/ml  purified  rabbit  polyclonal  antibody  (Aby)  against  bone  morphogenetic  protein-7 


Page  #7 


(Biotrend,  Cologne,  Germany);  1  gg/ml  purified  mouse  mAb  against  claudin-4  (Zymed 
Laboratories,  San  Francisco,  CA);  a  dilution  of  1 :250  of  mouse  mAb  against  cellular  retinoic 
acid  binding  protein- 1  (Affinity  BioReagents,  Golden,  CO);  a  dilution  of  1 :1000  of  rabbit 
polyclonal  Aby  against  collagen  type  DC  (x2  (Calbiochem,  San  Diego,  CA);  a  ready-to-use 
solution  of  unknown  concentration  of  purified  mouse  mAb  against  hepatocyte  nuclear  factor- 
3/forMiead  box  J1  (Lab  Vision,  Fremont,  CA);  and  a  dilution  of  1 :50  of  purified  rabbit 
polyclonal  Aby  against  SlOOAl  (Dako,  Carpinteria,  CA).  Secondary  antibodies  used  in  the 
immunohistochemical  staining  procedure  were  purified,  biotinylated  anti-mouse  or  anti-rabbit 
IgG  (Vector  Laboratories,  Burlingame,  CA). 

Immunohistochemical  Staining.  Immunohistochemistry  was  performed  as  we  have  previously 
described  (30,3 1)  with  minor  modifications.  Glass  slides  were  incubated  in  a  0.01%  poly-L- 
lysine  solution  (Sigma,  St  Louis,  MO)  for  5  min  at  room  temperature  to  enhance  stabilization  of 
tissues  onto  the  slides.  O.C.T.-embedded  tissues  were  cut  on  a  cryostat  into  5-pm  sections, 
affixed  onto  poly-L-lysine-coated  glass  slides,  and  submerged  in  acetone  for  10  min  at  room 
temperature  to  fix  the  tissues  onto  the  slides.  Slides  were  then  rinsed  in  an  excess  of  phosphate 
buffered  saline,  pH  7.4  (PBS)  and  blocked  for  1  h  in  PBS  containing  3%  ovalbumin  and  1% 
normal  goat  serum  (Pierce,  Rockford,  IL).  Slides  were  rinsed  again  in  excess  PBS  and  incubated 
with  250  fil  of  the  primary  Aby  in  PBS  containing  3%  ovalbumin  and  1%  normal  goat  serum  for 
1  h  at  room  temperature. 

The  slides  were  again  rinsed  in  excess  PBS,  followed  by  the  addition  of 250  pi  of  0.03% 
H2O2  in  PBS  for  10  min  at  room  temperature  to  quench  endogenous  peroxidase.  Following 
another  rinse  in  excess  PBS,  the  slides  were  incubated  for  1  h  at  room  temperature  in  250  pi  of  a 
1:500  dilution  of  the  anti-mouse  or  anti-rabbit  biotinylated  secondary  Aby  to  visualize  the 
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primary  antibodies.  After  rinsing  in  excess  PBS,  the  slides  were  incubated  with  250  pi  of 
Vectastain  ABC  solution  (Vector  Laboratories)  for  1  h  at  room  temperature.  Following  another 
rinse  in  excess  PBS,  die  slides  were  incubated  in  250  pi  of  DAB  (3,3’  -diaminobenzidine) 
solution  (V ector  Laboratories)  for  5-8  min  at  room  temperature.  After  rinsing  with  tap  water,  the 
slides  were  incubated  in  Hematoxylin  Counterstain  Solution  (Vector  Laboratories)  for 
approximately  2-3  min.  Upon  drying  at  room  temperature  for  20  min,  glass  coverslips  were 
applied  to  the  slides  using  Cytoseal  aqueous  mounting  media  (Richard-Allan  Scientific, 
Kalamazoo,  MI). 

Quantitation  of  Tissue  Staining  Intensity.  Upon  completion  of  immimohistochemical  staining 
of  the  tissue  samples,  a  pathologist  examined  the  tissue  slides  in  a  blinded  manner  and 
documented  the  intensity  and  localization  of  staining.  The  classifications  of  intensity  were  based 
on  a  five-point  scale;  (+++)  indicated  maximum  positive  staining,  (++)  indicated  moderate 
positive  staining,  (+)  indicated  weak  but  positive  staining,  (+/-)  indicated  faint  or  questionable 
staining,  and  (-)  indicated  a  complete  lack  of  staining.  All  staining  was  compared  to  the  positive 
control,  the  pi  integrin  subunit,  which  received  a  score  of  (+++). 

Statistical  Analysis.  To  determine  which  gene  markers  were  best  for  distinguishing  ovarian 
carcinoma  tissue  fi-om  normal  ovarian  tissue,  the  specificity,  sensitivity,  and  Youden’s 
misclassification  index  were  calculated  for  each  gene  marker  via  pairwise  tissue  comparisons. 
Linear  and  logistic  regression  analyses  were  used  to  evaluate  associations  between  patient 
demographic  characteristics  (age,  alcohol  use,  smoking  history,  and  tumor  grade)  and  gene 
J&equencies  or  staining  classification. 
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RESULTS 


Gene  Expression  Analysis.  RNA  was  prepared  and  gene  expression  was  performed  on  all 
samples  using  Afifymetrix  HU_95  arrays.  Gene  signature  analyses  were  performed  in  order  to 
identify  genes  that  were  expressed  (“present”)  in  over  75%  of  the  samples  in  each  sample  set. 
Using  a  threshold  of  75%,  1 1,679  gene  fragments  were  present  in  the  set  of  50  normal  ovary 
samples;  12,651  gene  fragments  were  present  in  the  sample  set  of  20  serous  papillary  ovarian 
carcinomas;  and  15,294  gene  fragments  were  present  in  the  sample  set  of  17  serous  papillary 
ovarian  carcinomas  metastatic  to  the  omentum.  The  dependence  of  the  number  of  gene 
fragments  present  in  all  of  the  samples  of  a  sample  set  is  shown  as  a  fimction  of  the  number  of 
samples  analyzed  in  Fig.  1.  The  number  of  gene  fragments  defined  as  present  in  all  of  the 
samples  in  each  sample  set  did  not  vary  greatly,  provided  that  ei^t  or  more  samples  of  die  set 
were  included  in  die  analysis  (Fig.  1). 

Fold  Differences.  The  relative  intensity  of  gene  expression  in  the  ovarian  carcinomas  compared 
to  the  normal  ovary  samples  was  determined  (Table  1).  One  hundred  thirty-seven  gene 
fragments  were  eiqiressed  at  >1 0-fold  different  levels  in  the  ovarian  carcinoma  sample  set 
compared  with  the  set  of  normal  oyaries  (Table  1).  An  additional  427  gene  fragments  were 
expressed  at  >5-fold  to  10-fold  different  levels  between  the  two  sample  sets,  and  a  total  of 4322 
gene  fragments  were  expressed  at  >2-fold  different  levels  between  the  two  sample  sets  (Table  1). 

The  relative  intensity  of  gene  expression  in  the  ovarian  carcinoma  samples  compared  to 
the  omental  metastatic  samples  was  also  determined  (Table  1).  Only  three  gene  fragments  were 
expressed  at  >1 0-fold  different  levels  in  the  ovarian  carcinoma  set  compared  with  the  set  of 
omental  metastases  (Table  1).  Also,  a  total  of  624  gene  fragments  were  expressed  at  >2-fold 
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different  levels  between  the  two  sample  sets  (Table  1).  These  results  suggest  that  the  ovarian 
carcinoma  samples  are  much  more  sunilar  to  each  other  than  to  the  normal  ovary  samples. 

Contrast  Analysis™  and  e-Northems™.  The  4322  gene  fragments  that  were  expressed 
greater  than  2-fold  more  in  ovarian  carcinomas  compared  to  normal  ovaries  were  analyzed  by 
Contrast  Analysis™  using  fee  Gene  Logic  GeneExpress®  Software  System  to  identify  those 
gene  fragments  feat  were  fee  most  discriminatory  between  ovarian  carcinoma  and  normal 
ovaries.  The  400  gene  fragments  feat  were  more  highly  expressed  in  fee  ovarian  carcinoma 
samples  and  most  discriminatory  between  fee  two  sample  sets  were  then  further  analyzed  by 
performing  e-Norfeems™  using  fee  Gene  Logic  GeneExpress®  Software  System.  The  e- 
Northern  analysis  provides  a  graphic  representation  of  fee  level  of  gene  expression  values  for 
each  sample  in  fee  sets  of  normal  ovaries,  ovarian  carcinomas,  metastases  of  ovarian  carcinoma 
to  fee  omentum,  and  304  other  tissue  samples  from  20  different  sites. 

Forty  known  genes  were  preferentially  up-regulated  in  ovarian  carcinomas  compared  to 
all  of  fee  other  tissue  types  examined  (Table  2).  The  gene  products  of  these  40  genes  spanned  a 
large  spectrum  of  functional  activity,  including;  9  en2ymes,  6  cell  adhesion  molecules/receptors, 
6  transcription  factors,  5  cell  signaling  proteins,  3  ligand-binding  proteins,  3  cell  cycle/cell 
proliferation  proteins,  3  ion  transport  proteins,  2  cytokines,  2  tumor  antigens,  and  1  scavenger 
receptor  (Table  2),  As  a  testament  to  fee  validity  of  om  approach  and  selection  criteria,  14  of  fee 
40  genes  listed  in  Table  2  feat  we  foimd  to  be  specifically  upregulated  in  ovarian  carcinoma  had 
previously  been  shown  by  others  using  gene  array  technology  to  be  upregulated  in  ovarian 
carcinoma  (4-10,13,22,32).  To  date,  only  6  of  these  14  genes  have  been  validated  by  a  second 
technique.  An  additional  7  of  fee  40  genes  listed  in  Table  2  have  been  previously  shown  by 
other  techniques  to  be  up-regulated  in  ovarian  carcinoma.  Furthermore,  10  of  fee  40  genes  have 
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not  been  previously  implicated  in  ovarian  carcinoma,  but  have  been  implicated  in  other  types  of 
cancer.  Thus,  9  of  the  40  genes  listed  in  Table  2  have  not  previously  been  identified  as  being  up- 
regulated  in  ovarian  carcinoma  or  any  other  type  of  cancer. 

Another  set  of  26  known  genes  was  up-regulated  in  the  ovarian  carcinoma  samples 
compared  to  normal  ovaries  (Table  3).  However,  by  e-Northem™  analysis,  we  found  that  these 
26  genes  were  also  ejqjressed  by  one  or  more  other  types  of  tissue.  These  26  genes  included  a 
variety  of  proteins,  including:  5  cell  adhesion  molecules/receptors,  4  transcription  factors,  3  cell 
cycle/cell  proliferation  proteins,  3  accessory  proteins,  3  ion  transport  proteins,  2  en2ymes,  2  cell 
signaling  proteins,  1  tumor  antigen,  1  ligand-binding  protein,  1  histone,  and  1  unknown.  Again, 
as  a  testament  to  the  validity  of  our  approach  and  selection  criteria,  4  of  the  26  genes  listed  in 
Table  3  that  we  found  to  be  upregulated  in  ovarian  carcinoma  had  previously  been  shown  by 
others  using  gene  array  technology  to  be  upregulated  in  ovarian  carcinoma  (6,12,13,19,22).  To 
date,  only  2  of  these  4  genes  have  been  validated  by  a  second  technique.  An  additional  3  of  the 
26  genes  listed  in  Table  3  have  been  previously  shown  by  other  techniques  to  be  up-regulated  in 
ovarian  carcinoma.  Furfliermore,  9  of  the  26  genes  have  not  been  previously  implicated  in 
ovarian  carcinoma,  but  have  been  implicated  in  other  types  of  cancer.  Thus,  10  of  the  26  genes 
have  not  previously  been  identified  as  being  up-regulated  in  ovarian  carcinoma  or  any  other  type 
of  cancer.  Although  these  26  genes  may  play  important  roles  in  the  development  of  ovarian 
carcinoma,  they  are  not  as  specific  to  ovarian  carcinoma  as  the  genes  listed  in  Table  2. 

Clustering.  The  Eisen  clustering  software.  Cluster,  was  used  as  another  means  of  displaying 
the  gene  expression  data  for  the  set  of  40  known  genes  preferentially  expressed  by  the  ovarian 
carcinoma  sample  set  (Table  2).  By  this  technique,  the  ovarian  carcinoma  samples  had  intensely 
positive  gene  expression  values  (shown  in  red  in  Fig.  2).  The  gene  expression  values  for  the 
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nonnal  ovaiy  samples  as  well  as  all  the  other  tissue  sample  sets  (shown  in  green  or  black  in  Fig. 
2)  were  much  less  intense  and  very  distinct  from  the  ovarian  carcinoma  samples.  The 
differences  in  intensity  of  the  squares  in  Fig.  2  are  indicative  of  the  biological  heterogeneity  that 
exists  among  ovarian  carcinomas. 

Criteria  for  Selecting  a  Subset  of  Genes  for  Protein  Analysis.  To  determine  whether  die 
differentially  expressed  gene  fragments  that  were  unique  to  ovarian  carcinoma  corresponded  to 
protein  expression,  a  subset  of  the  genes  listed  in  Tables  2  and  3  were  selected  for  analysis  of 
their  protein  counterparts  via  immunohistochemistry.  The  following  criteria  were  used  to  select 
the  genes.  First,  the  genes  must  be  up-regulated  at  least  2-fold  or  greater  in  ovarian  carcinoma 
tissues  compared  to  normal  ovary  tissues.  Second,  the  genes  should  either  be  completely  absent 
or  expressed  at  sigmficantly  lower  levels  in  normal  ovarian  tissues.  Third,  increased  eiqiression 
of  the  genes  should  be  solely  characteristic  of  ovarian  carcinoma,  and  minimal  expression  should 
be  detected  in  any  other  tissues  in  the  body.  Fourth,  the  genes  should  be  present  in  the  vast 
majority  of  ovarian  carcinoma  samples.  Finally,  genes  were  selected  if  antibodies  against  their 
corresponding  proteins  were  available.  Based  on  these  selection  criteria,  seven  genes  were 
chosen  for  further  analysis:  the  pS  integrin  subunit,  bone  morphogenetic  protein-?  (BMP-7), 
cellular  retinoic  acid  binding  protein-1  (CRABP-1),  claudin-4,  collagen  type  IX  a2  (COL  IX 
oc2),  forkhead  box  J1  (FOX  Jl),  and  SlOO  calcium  binding  protein  A1  (SlOOAl).  Only  one  of 
these  seven  genes,  claudin-4,  has  been  previously  characterized  for  both  gene  and  protein 
expression  in  ovarian  cancer  (6,13). 

Tissue  Distribution  of  the  Differentially  Expressed  Genes  by  e-Northems™.  We  compared 
the  expression  of  the  seven  selected  genes  in  ovarian  tissues  and  other  tissues.  e-Northems™ 
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were  generated  using  the  Gene  Logic  GeneExpress®  Software  System  to  display  the  gene 
expression  values  for  each  sample  in  the  sets  of  normal  ovaries,  ovarian  carcinomas,  ovarian 
carcinomas  metastatic  to  the  omentum,  and  304  other  tissue  samples  from  20  different  sites.  The 
percentage  of  samples  e3q)ressing  detectable  levels  of  each  gene  fragment  is  shown  as  a  bar 
graph  on  the  left  side  and  the  intensity  of  gene  ejqjression  in  each  sample  of  the  set  is  indicated 
on  the  right  side  of  Figure  3. 

A  representative  portion  of  an  e-Nordiem™  of  a  pS  integrin  subunit  gene  fragments  is 
shown  in  Fig.  3.  60%  of  the  ovarian  carcinoma  tissues  and  82%  of  the  omental  metastatic  tissues 
ejcpressed  detectable  levels  of  this  gene  fingment,  while  none  of  the  normal  ovaries  expressed  it 
The  pS  integrin  gene  fragment  was  not  significantly  ejqjressed  in  over  90%  of  the  304  other 
tissues  examined.  Notably,  3  of  the  8  kidney  cell  carcinoma  tissues  and  3  of  the  9  squamous  cell 
Ixmg  carcinomas  ejqjressed  low  levels  of  the  P8  integrin  subunit;  the  intensity  of  expression  was 
less  than  that  in  the  ovarian  carcinoma  tissue  samples. 

A  representative  portion  of  an  e-Northem™  of  a  BMP-7  gene  fragment  is  shown  in  Fig. 

3.  60%  of  the  ovarian  carcinoma  tissues  and  82%  of  the  omental  metastatic  tissues  expressed 
measurable  levels  of  this  gene  fragment,  while  only  4%  of  the  normal  ovary  tissues  expressed 
this  BMP-7  gene  fingment.  Several  other  tissues  also  ejqiressed  this  gene  fragment,  but  in 
general,  fewer  than  20%  of  the  samples  in  each  tissue  type  ejq)ressed  detectable  levels.  An 
exception  to  this  finding  was  that  88%  of  skin  tissue  samples  expressed  the  BMP-7  gene 
fragment,  although  at  much  lower  intensities  than  the  ovarian  carcinoma  tissues.  The  intensity  of 
gene  ejqjression  in  the  majority  of  the  other  tissues  was  considerably  lower  compared  to  the 
ovarian  carcinoma  tissues.  An  exception  to  this  finding  involved  high  BMP-7  intensities  in  2  of 
the  24  normal  lungs  and  3  of  the  9  Squamous  cell  lung  carcinoma  tissues. 
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An  e-Norihem™  of  the  claudm-4  gene  fragment  revealed  that  1 00%  of  the  ovarian 
carcinoma  tissues  and  94%  of  the  omental  metastatic  tissues  expressed  detectable  levels  of  this 
gene  fragment,  while  only  6%  of  the  normal  ovary  tissues  expressed  measurable  levels  (Fig.  3). 
The  majority  of  other  tissue  types  also  expressed  this  gene  fragment,  and  the  intensity  of 
expression  varied  across  all  tissue  types. 

An  e-Northem™  of  the  COL  DC  (x2  gene  fragment  shows  that  30%  of  ovarii  carcinoma 
tissues  and  41%  of  omental  metastatic  tissues  expressed  measurable  levels  of  the  gene  fragment, 
while  none  of  the  normal  ovaries  expressed  detectable  levels  of  the  COL  IX  a2  gene  fragment 
(Fig.  3).  This  COL  IX  a2  gene  fragment  was  minimally  expressed  in  a  few  of  the  other  tissues, 
including  1  of  the  7  colon  adenocarcinomas,  3  of  the  24  normal  lungs,  1  of  the  12  normal  skeletal 
muscles,  and  1  of  die  43  normal  myometrium.  Notably,  over  95%  of  the  other  tissues  did  not 
express  detectable  levels  of  the  COL  DC  a2  gene  fragment. 

A  representative  e-Northem™  of  a  CRABP-1  gene  fragment  indicates  that  50%  of  the 
ovarian  carcinoma  tissues  and  41%  of  the  omental  metastatic  tissues  expressed  measurable  levels 
of  this  gene  fragment,  while  only  2%  of  the  normal  ovary  tissues  expressed  the  CRABP-1  gene 
fragment  (Fig.  3).  55%  of  the  skin  tissues  erqiressed  the  CRABP-1  gene  fragment  Otherwise, 
only  five  other  tissue  samples  minimally  expressed  this  gene  fragment,  including  one  chronically 
inflamed  gall  bladder  tissue,  one  normal  kidney,  one  normal  tonsil,  and  two  leiomyoma  tissues. 
Therefore,  compared  to  the  ovarian  carcinoma  tissues,  >90%  of  the  other  tissues  did  not  express 
this  CRABP-1  gene  fragment 

An  e-Northem™  of  the  FOX  J1  gene  fragment  shows  that  85%  of  ovarian  tissues  and 
52%  of  omental  metastatic  tissues  expressed  detectable  levels  of  this  gene  fragment,  while  only 
4%  of  the  normal  ovary  tissues  expressed  measurable  levels  of  the  FOX  J1  gene  fragment  (Fig. 

3).  Some  of  the  other  tissue  types  also  ejqjressed  FOX  J1 ;  notably  normal  lung,  lung 
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adenocarcinoma,  and  normal  cervix.  Ho^vever,  fewer  of  the  samples  within  these  tissue  sets 
expressed  the  gene,  and  the  gene  was  expressed  at  a  lower  intensity  compared  to  the  ovarian 
carcinoma  tissues.  Thus,  90%  of  the  other  tissue  samples  did  not  express  detectable  levels  of  the 
FOX  J1  gene  jfragment. 

An  e-Northem™  of  the  SlOOAl  gene  fragment  revealed  that  95%  of  the  ovarian 
carcinoma  tissues  and  100%  of  the  omental  metastatic  tissues  ejqjressed  this  gene  fragment, 
vfrile  only  one  of  the  50  normal  ovary  tissues  expressed  the  SlOOAl  gene  fragment  (Fig.  3). 

The  SlOOAl  gene  fragment  was  also  expressed  in  71%  of  adipose  tissues,  80%  of  kidney 
carcinoma  tissues,  68%  of  normal  kidney  tissues,  93%  of  skeletal  muscle  tissues,  and  44%  of 
skin  tissues.  All  of  these  tissues,  except  the  skeletal  muscle  tissues,  expressed  the  gene  fragment 
at  much  lower  intensities  compared  to  the  ovarian  carcinoma  tissues,  while  over  80%  of  the  other 
tissue  samples  did  not  express  the  SlOOAl  gene  fragment  at  all. 

Immunohistochemical  Staining  of  the  Differential^  Expressed  Gene  Products.  The  protein 
ejqjression  of  the  7  differentially  expressed  genes  was  analyzed  by  immunohistochemistiy  in  45 
ovarian  tissues.  Gene  expression  data  was  available  from  Gene  Logic  Inc.  for  30  of  the  45 
ovarian  tissues  screened,  including:  10  normal  ovaries,  10  ovarian  carcinoma  tissues,  and  10 
ovarian  carcinoma  tumors  metastatic  to  the  omentum.  The  remaining  15  tissues  that  were 
analyzed  by  immimohistochemistty  were:  5  normal  ovaries,  5  ovarian  carcinoma  tiunors,  and  5 
ovarian  carcinoma  tumors  metastatic  to  the  omentum. 

Monoclonal  and  polyclonal  antibodies  against  the  seven  proteins  were  used,  as  well  as 
the  normal  mouse  IgG  (negative  control)  and  a  mAb  against  the  pi  integrin  subunit  Opositive 
control).  The  pi  integrin  subunit  was  used  as  a  positive  control  because  it  is  a  cell  adhesion 
molecule  known  to  be  ubiquitously  expressed  on  the  surface  of  most  cells  except  hematopoietic 
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cells.  The  pi  integrin  subunit  was  expressed  in  normal  ovary  (Fig.  4 A),  ovarian  carcinoma  (Fig. 
4B),  and  ovarian  carcinoma  metastatic  to  the  omentum  (Fig.  4G).  All  three  tissue  types  exhibited 
a  strong,  membranous  staining  pattern  for  pi  integrin.  As  expected,  normal  mouse  IgG  did  not 
stain  normal  ovary  (Fig.  4D),  ovarian  carcinoma  (Fig.  4E),  or  ovarian  carcinoma  metastatic  to 
the  omentum  (Fig.  4F). 

The  ps  integrin  subunit  has  been  previously  described  as  a  cell  surface  molecule  (33).  In 
this  study,  the  p8  integrin  subumt  was  observed  as  a  strong  membranous  staining  pattern  in  the 
ovarian  tumors  (Figs.  4H  and  41),  but  was  not  detected  in  normal  ovaries  (Fig.  4G).  The  vast 
majority  of  ovarian  tumors  examined  exhibited  a  membranous  staining  pattern  for  the  ps  integrin 
subunit,  while  the  majority  of  normal  ovaries  did  not  express  the  p8  integrin  protein. 

The  second  protein  we  studied  was  BMP-7,  a  cytokine  that  was  expected  to  be  localized 
in  the  cytoplasm  and  in  the  ECM  upon  secretion  (34).  Interestingly,  BMP-7  staining  was 
variable  across  all  ovarian  tumors  studied.  The  protein  was  detected  in  the  tumor  cells  in  some 
ovarian  carcinoma  tissues  and  in  the  surroundmg  stroma  in  other  ovarian  carcinoma  tissues.  Fig. 

4  shows  BMP-7  expression  in  the  stroma  of  one  ovarian  tumor  (Fig.  4K)  and  BMP-7  expression 
in  patches  of  tumor  cells  in  one  omental  metastatic  tumor  (Fig.  4L).  In  the  majority  of  cases, 
normal  ovaries  did  not  express  BMP-7  (Fig,  4J). 

The  third  protein  of  interest,  claudm-4,  is  a  tight  junction  protein  located  on  the  cell 
surface  (35).  Claudin-4  was  detected  on  the  cell  surface  in  all  ovarian  tumor  tissues  examined. 

Fig.  4  shows  a  strong  membranous  staining  pattern  for  claudin-4  in  both  the  ovarian  tumor  (Fig. 

4N)  and  the  metastatic  omental  tumor  (Fig.  40).  Claudin-4  was  not  detected  in  normal  ovaries 
(Fig.  4M). 

The  fourth  protein  whose  localization  we  examined,  COL  IX  oc2,  is  an  adhesion  molecule 
found  in  the  ECM  (36).  The  COL  IX  a2  protein  was  observed  as  an  intercellular  epitope  in  most 
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ovarian  tumors  (Figs.  5B  and  5C),  but  was  also  detected  in  the  cytoplasm  in  some  cases.  Also, 
COL  IX  a2  was  frequently  expressed  in  the  stromal  tissue  surrounding  the  ovarian  tumor  nests, 
as  well  as  in  the  stroma  of  normal  ovaries  (Fig.  5A).  This  high  background  staining  pattern  may 
be  attributable  to  non-specific  staining  of  the  Aby  against  COL  IX  a2  used  in  the 
immunohistochemical  analyses. 

The  fifth  protein  we  studied  was  CRABP-1,  a  transport  protein  found  in  the  cytoplasm 
(37).  CRABP-1  expression  was  variable  across  all  tissues  examined,  and  it  was  localized  to  the 
cell  membrane  in  some  tissues  and  in  the  c5doplasm  in  other  tissues.  Representative  examples 
show  a  membranous  staining  pattern  for  CRABP-1  in  the  ovarian  tumor  (Fig.  5E),  a  cytoplasmic 
staining  pattern  for  CRABP-1  in  the  omental  metastatic  tumor  (Fig.  5F),  and  no  detection  of 
CRABP-1  in  the  normal  ovary  (Fig.  5D). 

The  sixth  protein  we  selected  was  FOX  Jl,  a  transcription  factor  with  expected 
localization  to  the  nucleus  and  possibly  the  cytoplasm  (38).  Interestingly,  only  a  few  of  the 
ovarian  tumor  samples  demonstrated  a  nuclear  FOX  Jl  staining  pattern  (Figs.  5H  and  51). 

Instead,  most  tumor  samples  examined  exhibited  cytoplasmic  and  membranous  staining  patterns 
for  FOX  Jl .  In  addition,  over  half  of  the  normal  ovary  samples  exhibited  some  degree  of  FOX 
Jl  expression,  as  shown  in  Fig.  5G  where  a  normal  ovary  exhibits  slight  nuclear  staining  of  FOX 
Jl  in  the  surface  epithelium.  This  high  backgroimd  staining  observed  for  FOX  Jl  may  be  in  part 
attributable  to  non-specific  staining  of  the  anti-FOX  Jl  antibody  used  in  the 
inummohistochemical  analyses. 

Our  final  protein  of  interest  was  SlOOAl,  a  protein  involved  in  the  cell  cycle  and 
localized  to  the  cytoplasm  (39).  Most  of  the  ovarian  tumor  tissues  examined  exhibited  either  a 
cytoplasmic  or  membranous  SlOOAl  staining  pattern.  Fig.  5K  shows  an  ovarian  tumor  with  both 
cytoplasmic  and  membranous  staining  for  SlOOAl,  while  Fig.  5L  shows  an  omental  metastatic 
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tumor  with  cytoplasmic  staining  for  S  lOOAl .  The  majority  of  normal  ovaries  examined  did  not 
express  the  S 1  OOAl  protein.  An  example  of  a  normal  ovary  with  S 1  OOAl  expression  in  the 
cytoplasm  of  the  surface  epithelial  cells  is  shown  in  Fig.  5  J. 

In  summary,  the  majority  of  ovarian  tumor  tissues  exhibited  positive  staining  for  the  ^8 
integrin  subunit,  claudin-4,  COL  IX  a2,  FOX  Jl,  and  SlOOAl,  and  negative  staining  for  BMP-7 
and  CRABP-1 .  The  majority  of  the  normal  ovary  tissues  exhibited  negative  staining  for  the  ps 
integrin  subunit,  BMP-7,  claudin-4,  CRABP-1,  and  SlOOAl,  and  positive  staining  for  COL  IX 
02  and  FOX  Jl. 


Statistical  anatysis.  Linear  and  logistic  regression  analyses  were  performed  in  order  to  assess 
wlielher  associations  exist  between  gene  and  protein  expression  of  the  seven  genes  and  various 
patient  characteristics  such  as  age,  alcohol  use,  smoking  status,  and  tumor  grade.  The  results  of 
these  analyses  indicated  no  evidence  of  such  associations, 

In  order  to  determine  which  of  the  seven  gene  markers  were  the  strongest  candidates  for 
distinguishing  normal  ovarian  tissue  from  ovarian  carcinoma  tissue,  the  specificity,  sensitivity, 
and  Youden’s  misclassification  index  were  calculated  via  pairwise  tissue  comparisons.  For  the 
purpose  of  fiiese  statistical  measures,  tissue  staining  intensities  were  classified  as  either  positive 
(+,  ++,  +++)  or  negative  (-,  +/-).  Youden’s  misclassification  index  (J),  which  is  based  on  the 
specificity  and  sensitivity,  indicates  the  overall  probability  that  the  protein  classifications 
correctly  distinguish  each  tissue  being  compared.  Genes  with  a  J  value  of  0.5  or  greater  were 
considered  to  be  predictive  of  disease  state. 

The  results  of  the  comparison  between  normal  ovary  and  ovarian  carcinoma  tissues  are 
shown  in  Table  4.  The  pS  integrin  subunit,  claudin-4,  and  SlOOAl  all  had  a  J  value  greater  than 
0.5  and  are  thus  considered  to  be  the  best  markers  for  distinguishing  ovarian  tumor  tissue  from 
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normal  ovary  tissue.  We  then  compared  die  immunohistochemistiy  results  obtained  for  normal 
ovary  tissues  and  ovarian  tumors  metastatic  to  the  omentum.  Again,  the  ps  integrin  subunit, 
claudin-4,  and  SlOOAl  all  had  a  J  value  greater  than  0.5  in  this  comparison  and  were  thus 
considered  to  be  the  best  markers  for  distinguishing  metastatic  ovarian  tumor  tissue  from  normal 
ovary  tissue  (Table  4).  Finally,  a  comparison  was  made  between  ovarian  tumor  tissues  and 
metastatic  ovarian  tumor  tissues;  none  of  the  seven  genes  'were  able  to  distinguish  between  them 
(Table  4).  This  result  is  not  surprising  since  both  types  of  ovarian  carcinoma  tissues  exhibited 
similar  gene  ejqrression  profiles,  as  evidenced  by  the  fold-change  analysis  (Table  1). 

DISCUSSION 

In  this  study,  66  genes  were  identified  by  microarray  technology  to  be  differentially 
ejqrressed  by  ovarian  carcinoma  tissue  samples  compared  with  normal  ovarian  tissue  samples. 
Nineteen  of  the  66  genes  were  reported  here  for  the  first  time  to  be  upregulated  in  cancerous 
tissues.  Twenty-eight  of  the  66  genes  had  been  previously  reported  to  be  upregulated  in  ovarian 
carcinoma  by  gene  array  technology  or  other  techniques,  while  an  additional  19  of  tire  66  genes 
had  previously  been  reported  to  be  upregulated  in  other  types  of  cancer.  The  66  genes  identified 
in  this  study  included  a  variety  of  proteins,  including  1 1  cell  adhesion  molecules/receptors,  1 1 
enzymes,  10  transcription  factors,  7  cell  signaling  proteins,  6  cell  cycle/cell  proliferation 
proteins,  6  ion  transport  proteins,  4  Ugand-binding  proteins,  3  accessory  proteins,  3  tumor 
antigens,  2  cytokines,  1  scavenger  receptor,  1  histone,  and  1  unknown.  Interestingly,  the  cellular 
localization  of  the  gene  products  of  these  66  genes  was  rather  equally  divided  between  the 
membrane,  iiucleus,  and  secretory  (~30%  in  each  group)  while  fewer  of  the  gene  products  were 
localized  to  the  cytoplasm  (~15%). 
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The  design  of  the  current  study  has  several  advantages  in  identifying  potential  ovarian 
carcinoma  tumor  markers  compared  to  many  of  the  earlier  ovarian  cancer  gene  expression 
studies.  First,  a  relatively  large  number  of  ovarian  tissues  were  utilized  for  the  microarray 
analyses  (50  normal  ovaries,  20  serous  papillary  ovarian  tumors,  and  1 7  ovarian  tumors 
metastatic  to  the  omentum).  By  analyzing  a  large  number  of  tissues,  a  more  accurate  picture  of 
ovarian  carcinoma  gene  proffles  can  be  obtained.  Earlier  studies  utilized  fewer  ovarian 
carcinoma  tissues  or  cell  lines  in  their  large-scale  analyses;  the  resulting  gene  expression  profiles 

may  have  been  skewed  due  to  the  expression  of  genes  that  were  altered  during  the  perpetuation 
of  the  ceU  lines  (10,20,21). 

A  second  advantage  of  this  study  was  that  protein  expression  was  verified  by  using  a 
relatively  large  number  of  ovarian  tissues  samples  (15  normal  ovaries,  15  ovarian  carcinoma 
tumors,  and  15  ovarian  carcinomas  metastatic  to  the  omentum).  In  one  earfier  study,  vaUdation 
by  immunohistochemistiy  was  performed  upon  13  ovarian  tumors,  but  no  normal  ovary  tissues 
were  similarly  screened  (6). 

A  third  advantage  of  this  study  is  that  304  tissue  samples  firom  20  other  sites  were 
analyzed,  including;  lung  adenocarcinoma,  kidney  carcinoma,  squamous  cell  carcinoma  of  the 
lung,  and  colon  adenocarcinoma.  By  comparison,  in  one  earlier  study,  only  7  tissue  samples 
fi’om  other  sites  were  included  in  the  cDNA  hybridization  analysis  (9).  However,  the  majority 
of  previously  published  ovarian  carcinoma  gene  e3q>ression  studies  did  not  analyze  any  other 
type  of  tissue  except  for  ovarian  tissues  and/or  ceD  lines  (14-18).  Others  have  noted  that  a  key 
step  in  determining  the  diagnostic  potential  of  gene  expression  profiling  is  to  compare  the  gene 
expression  of  a  variety  of  tumors  derived  from  many  different  organs  (40). 

One  potential  shortcoming  of  gene  expression  studies  on  ovarian  carcinoma,  the  present 
study  included,  is  the  limited  quantity  of  normal  ovarian  surface  epithelium  available  for 
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microarray  and  immunohistochemical  analysis.  Although  controversial,  it  is  widely  accepted 
that  epithelial  ovarian  carcmomas  arise  from  the  tiiin  layer  of  epithelial  cells  surrounding  the 
ovary  (23).  Not  surprisingly,  it  is  difficult  to  obtain  sufBcient  quantities  of  surface  epithelial 
cells  for  further  analysis.  Therefore,  the  surface  epithelial  cells  represented  a  very  low 
percentage  of  the  total  normal  ovary  cells  that  are  included  in  the  microarray  analysis.  Some 
groups  have  circumvented  this  problem  by  enriching  for  the  surface  ovarian  epithelial  cells  by 
creating  a  short-term  ovarian  surface  epithelium  cell  culture  (6,10,1 1).  However,  the 
development  and  maintenance  of  a  cell  line  may  alter  the  gene  expression  pattern.  For  this 
reason,  in  this  study  we  used  over  300  other  tissues  in  order  to  determine  the  specificity  of  the 
up-regulated  genes  to  ovarian  carcinoma,  and  we  verified  our  findings  by 
immunohistochenustiy.  Therefore,  it  was  possible  for  us  to  assess  the  protein  ejqrression  in  the 
normal  ovarian  surface  epithelial  cells. 

Seven  genes  selected  for  further  analysis  were:  the  ps  integrin  subunit,  BMP-7,  claudin- 
4,  COL  IX  (x2,  CRABP-1,  FOX  Jl,  and  SlOOAl.  Immunohistochermcal  staining  of  45  ovarian 
tissues  for  the  presence  and  localization  of  the  proteins  corresponding  to  each  of  the  genes, 
followed  by  statistical  analysis,  revealed  that  the  pS  integrin  subunit,  claudin-4,  and  SlOOAl  are 
the  most  promising  candidate  ovarian  carcinoma  tumor  markers. 

The  pS  integrin  subunit  is  a  member  of  the  family  of  integrins  that  mediates  cell-cell  and 
cell-ECM  interactions  (41).  The  pS  integrin  subunit  protein  has  been  reported  in  mice  and  rat 
neural  synapses,  suggesting  its  potential  role  in  synaptic  function  (41).  A  recent  study  by  Mu 
and  colleagues  revealed  that  the  ps  integrin  subunit  binds  the  cytokine  TGF-P,  leading  to 
changes  in  cell  growth  and  matrix  production,  and  thus  regulating  epithelial  cell  homeostasis 
(42).  Anodier  study  revealed  that  the  aVps  integrin  may  complex  with  the  ECM  components 
laminin  and  fibronectin,  and  that  these  interactions  may  play  a  role  in  human  glial  cell  invasion 
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(43).  Our  study  is  the  first  to  report  and  validate  the  expression  of  the  p8  integrin  subunit  mRNA 
and  protein  in  ovarian  carcinoma.  Another  study  reported  up-regulation  of  pS  integrin  subunit 
mRNA  in  highly  differentiated  serous  ovarian  adenocarcinomas  compared  to  benign  serous 
adenocarcinomas,  but  this  was  not  verified  by  a  second  technique  (7).  It  is  possible  that  over¬ 
expression  of  the  pS  integrin  subunit  in  ovarian  carcinoma  may  enhance  tumor  cell  adhesion  and 
stabilize  contacts  between  the  epithelial  tumor  cells,  thus  enabling  fixrther  progression  of  the 
disease. 

Claudm-4,  a  member  of  the  claudin  family  of  tight  junction  proteins  (35),  also  showed 
promise  as  a  candidate  biomarker  of  ovarian  carcinoma.  Over-expression  of  claudin-4  mRNA 
has  been  demonstrated  in  several  types  of  cancer  including  pancreatic  (44)  and  prostate  cancer 
(45).  In  addition,  claudin-4  has  recently  been  reported  to  be  over-expressed  in  ovarian 
carcinoma  by  two  other  groups  (6,13).  Based  on  its  role  as  a  tight  junction  protein,  it  is  possible 
that  over-expression  of  claudin-4  in  ovarian  tumor  cells  may  enhance  and  stabilize  tumor  cell 
connections,  and  could  contribute  to  increased  growth  at  secondary  sites. 

SlOOAl  is  one  of  19  members  that  make  up  the  SlOO  protein  family  (46).  SlOO  proteins 
are  localized  in  the  cytoplasm  of  a  variety  of  cells,  and  are  involved  in  cell  cycle  progression  and 
differentiation  (46).  Several  studies  have  shown  that  the  SlOOAl  protein  is  highly  expressed  in 
the  heart,  and  that  the  protein  plays  a  key  role  in  a  variety  of  myocardial  functions  (47,48). 

SlOOAl  proteins  are  also  involved  in  the  assembly  and  disassembly  of  microtubules  and 
intermediate  filaments  (49).  Several  members  of  the  SlOO  protein  family  have  been  shown  to 
promote  invasion  and  metastasis  of  many  human  cancers  (46).  SlOOAl,  S100A2,  and  SIOOB 
proteins  have  been  detected  in  epithelial  skin  tumors  (50).  Expression  of  SlOO A4  has  been 
demonstrated  in  many  different  hmnan  cancers,  including  pancreatic  cancer,  gastric 
adenocarcinoma,  breast  carcinomas,  and  colorectal  cancer  (46,51).  A  yeast  two-hybrid  system 
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has  demonstrated  a  strong  interaction  between  S100A4  and  SlOOAl,  suggesting  that  SlOOAl 
may  mediate  the  metastatic  capabilities  of  S100A4  (51).  In  addition,  the  S100A2  gene  was 
reported  and  confirmed  to  be  up-regulated  in  ovarian  carcinoma  tissues  (5),  Our  study  confirms 
that  of  Su  et  al  (22)  to  report  SlOOAl  mRNA  is  over-ejq)ressed  in  ovarian  carcinoma  tissues. 
However,  our  study  is  the  first  to  show  that  SlOOAl  protein  expression  is  upregulated  in  ovarian 
carcinoma  tissues  compared  to  normal  ovaries.  Our  statistical  analyses  revealed  that  SlOOAl 
protein  ejqiression  could  be  used  to  distinguish  ovarian  carcinoma  tissues  firom  normal  ovary 
tissues. 

A  fourth  protein  that  we  studied,  BMP-7,  is  a  member  of  the  TGF-P  cytokine  family  (34). 
Bone  morphogenetic  proteins  are  involved  in  tissue  differentiation,  development,  and  remodeling 
(53).  BMP-7  is  expressed  in  articular  cartilage  (54),  where  it  induces  cartilage  and  bone 
formation  (55).  BMP-7  is  also  expressed  in  the  kidney  and  may  induce  kidney  epithelial  cell 
differentiation  (56,57).  Several  bone  morphogenetic  proteins  have  been  implicated  in  various 
forms  of  cancer.  BMP-4  mRNA  was  over-expressed  in  poorly  differentiated  gastric  cancer  cell 
lines  (58),  and  BMP-4,  -5,  and  -6  mRNA  were  over-expressed  in  colon  cancer  cells  (59,60). 
BMP-7  mRNA  has  been  shown  to  be  up-regulated  in  osteosarcoma  and  in  some  breast  and 
prostate  tumors  (61-63).  However,  the  exact  role  of  bone  morphogenetic  proteins  in  various 
cancers  has  yet  to  be  elucidated.  This  study  is  the  first  to  report  that  BMP-7  mRNA  is  up- 
regulated  in  ovarian  carcinoma  tissue  samples,  but  we  were  unable  to  verify  the  presence  of  the 
corresponding  protein  by  immunohistochemistry.  Among  fire  few  ovarian  carcinoma  tissues  in 
vvbich  the  BMP-7  protein  was  detected,  it  vras  occasionally  found  in  the  stromal  cells 
surrounding  the  tumor  nests.  A  possible  erqrlanation  for  this  finding  is  that  ovarian  carcinoma 
tumor  cells  may  induce  the  expression  of  various  factors  in  the  surrounding  stromal  cells,  thus 
forcing  the  stromal  cells  to  participate  in  tumor  invasion  and  metastasis  (64). 
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Another  protein  that  we  observed  to  be  iq)-regulated  in  ovarian  carcinoma  was  COL  IX 
(x2,  one  of  three  different  alpha  chains  that  combine  to  form  the  heterotrimer  type  IX  collagen 
(36).  Type  IX  collagen  is  an  ECM  protein  and  is  a  major  component  of  hyaline  cartilage.  Type 
IX  collagen  forms  cross-links  between  type  II  collagen  and  other  type  EX  collagen  molecules 
(65).  Several  studies  have  identified  COL  DC  a2  mutations  that  give  rise  to  multiple  epiphyseal 
dysplasia  (66).  Collagens  type  I,  HI,  and  IV  have  all  been  implicated  in  ovarian  cancer  (67-69). 
Interestingly,  one  study  postulated  that  type  IV  collagen  and  BMP-2  may  play  a  role  in  ovarian 
cancer  (70).  The  accelerated  synthesis  and  breakdown  of  type  I  and  type  HI  collagen  was  shown 
to  be  characteristic  of  ovarian  cancer  (68).  Moser  et  al.  reported  that  ovarian  epithelial 
carcinoma  cells  exhibit  preferential  adhesion  to  type  I  collagen,  and  that  tiiis  interaction  may 
stimulate  the  production  of  other  factors  that  promote  the  dissemination  of  ovarian  cancer  (71). 
Perhaps  in  similar  fashion,  COL  DC  cc2  may  interact  with  ovarian  carcinoma  cells  in  such  a  way 
to  promote  ovarian  tumorigenesis.  Alternatively,  changes  in  expression  of  the  COL  IX  a2 

t 

protein  may  lead  to  the  disruption  of  the  ECM,  enabling  enhanced  tumor  cell  migration  and 
invasion.  Although  this  study  is  the  first  to  report  the  up-regulation  of  COL  DC  a2  mRNA  in 
ovarian  carcinoma  compared  to  normal  ovaries,  attempts  to  confirm  this  ^cificity  by 
immunohistochemistiy  were  not  possible  due  to  a  high  degree  of  non-specific  staining.  Due  to  a 
lack  of  additional  commercially  available  antibodies  against  COL  DC  a2  or  COL  DC,  it  was  not 
possible  to  verify  our  gene  expression  data.  Clearly,  additional  studies  are  necessary  in  assessing 
the  role  of  COL  IX  (x2  in  ovarian  carcinoma. 

CRABP-1,  a  carrier  protein  known  to  mediate  the  transport  and  biological  activity  of 
retinoic  acid  (37),  also  showed  some  promise  as  an  ovarian  carcinoma  marker.  Recent  studies 
have  revealed  CRABP-1  mRNA  e^qpression  in  mouse  cerebellum  and  rat  lung  (72,73),  and 
CRAPB-1  protein  expression  in  chick  retina  (74).  However,  few  studies  have  examined 
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CRABP-1  expression  in  normal  human  tissues.  The  expression  of  cellular  retinoic  acid  binding 
proteins  has  been  evaluated  in  several  human  cancers.  One  study  reported  that  changes  in 
CRABP-2  gene  expression  affected  retinoic  acid-mediated  target  gene  response,  resulting  in 
phenotypic  alterations  in  various  squamous  carcinoma  cells  (75).  Other  studies  have  detected 
CRABP-1  protein  in  human  cervical  carcinoma  tissues  (76)  and  large  bowel  cancer  (77).  Ono 
and  colleagues  reported  the  presence  of  the  CRABP-1  gene  in  ovarian  carcinoma  tissues,  but  tbis 
finding  was  not  confirmed  by  a  second  method  (12).  In  our  study,  we  only  detected  the  CRABP- 
1  protein  in  a  few  of  die  ovarian  carcinoma  tissues  by  immunohistochemistiy .  It  is  possible  that 
the  CRABP-1  mRNA  may  not  be  translated  into  a  protein  product.  Alternatively,  if  the  cells 
have  a  high  protein  turnover  rate,  then  the  protein  product  may  not  be  detected  despite  its 
continual  production.  Whether  CRABP-1  plays  a  role  in  ovarian  carcinoma  remains  to  be 
determined. 

We  also  studied  FOX  JI ,  a  transcription  factor  that  belongs  to  the  winged  helix/forkhead 
gene  family  (38).  Members  of  this  family  are  thought  to  be  involved  in  cell-specific 
differentiation  (38).  FOX  Jl  is  present  in  ciliated  cells  of  the  human  lung,  oviduct,  testis,  and 
brain  cortex,  suggesting  a  possible  role  for  FOX  Jl  in  regulating  axonemal  structural  proteins 
(38).  FOX  Jl  may  also  play  a  role  in  the  determination  of  left-right  asymmetry  (78),  ciliated  cell 
developihent  (78),  liver  metabohsm  in  humans  (79),  lung  morphogenesis  (80),  and  lung  epithelial 
cell  differentiation  in  mice  (80).  Other  studies  have  demonstrated  the  expression  of  FOX  Jl  in 
lung  epithelial  cells  (80)  and  hepatocellular  carcinoma  (79,81).  This  study  is  the  first  to  report 
the  over-expression  of  FOX  Jl  mRNA  in  ovarian  carcinoma  compared  with  normal  ovaries. 
Interestingly,  FOX  Jl  was  the  only  gene  of  the  seven  we  studied  that  was  found  to  be 
significantly  up-regulated  (over  three-fold)  in  ovarian  carcinoma  compared  to  ovarian  carcinoma 
metastatic  to  the  omentum.  Contrary  to  the  RNA  ejq)ression  data,  immxmohistochemical 
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analysis  revealed  that  the  FOX  J1  protein  was  found  in  the  majority  of  the  ovarian  tissues 
examined,  including  a  majority  of  the  normal  ovaries,  suggesting  non-specific  staining.  Due  to 
the  lack  of  an  additional  commercially  available  Aby  against  FOX  Jl,  we  were  not  able  to 
further  test  this  finding. 

The  results  of  this  study  emphasize  the  usefulness  of  microairay  analysis  in  elucidating 
the  genetic  profiles  of  ovarian  carcinoma.  By  comparing  the  gene  expression  profiles  of  ovarian 
carcinoma  tissues  to  those  of  a  variety  of  other  normal  and  malignant  tissues,  genes  that  are 
unique  and  specific  to  ovarian  carcinoma  may  be  identified.  These  genes  may  be  further 
analyzed  in  subsequent  studies  in  an  attempt  to  obtain  new  and  biologically  relevant  information 
about  the  molecular  mechanisms  involved  in  ovarian  carcinogenesis.  In  addition,  some  of  the 
proteins  whose  presence  was  confirmed  in  ovarian  carcinoma  samples  may  be  studied  as 
potential  ovarian  carcinoma  tumor  markers,  and  may  contribute  to  the  diagnosis  and/or  treatment 
of  ovarian  carcinoma.  Further  studies  are  needed  to  assess  the  ability  of  the  p8  integrin  subunit, 
claudin-4,  and  SlOOAl  as  tumor  markers  to  be  utilized  alone,  or  in  combination  with  other 
markers  such  as  CA-125,  in  the  detection  and  treatment  of  patients  with  ovarian  carcinoma. 
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FIGURE  LEGENDS 


Figure  1.  Dependence  of  the  number  of  gene  fragments  present  in  all  samples  on  the  number  of 
samples  analyzed.  The  number  of  fragments  present  in  all  samples  of  a  sample  set  is  shown  as  a 
frmction  of  the  munber  of  samples.  Normal  ovaries  (top  panel),  ovarian  carcinoma  (middle 
panel),  and  ovarian  carcinoma  metastatic  to  the  omentum  (bottom  panel). 

Figure  2.  Differentially  expressed  genes  in  ovarian  carcinoma,  normal  ovaries,  and  20  other 
tissues.  Eisen  Cluster  software  was  used  to  graphically  display  the  intensity  of  gene  expression 
values  for  each  of  the  40  genes  listed  in  Table  2  for  the  391  different  tissue  samples.  The  color 
of  each  square  represents  the  ratio  of  the  gene  expression  in  the  indicated  sample  relative  to  the 
average  signal  of  expression  of  all  genes  examined.  Red  indicates  gene  expression  above  the 
median;  black,  equal  to  die  median;  and  green,  below  the  median.  The  intensity  of  the  color 
reflects  the  magnitude  of  divergence  from  the  median.  Columns  represent  individual  cDNA’s 
for  the  40  genes  listed  in  Table  2,  and  rows  represent  the  indicated  tissue  samples,  as  described 
in  the  Material  and  Methods  section. 

Figure  3.  e-Northem™  analysis  of  differentially  expressed  gene  Augments  in  human  tissues. 

The  expression  of  each  indicated  gene  fragment  was  examined  in  20  ovarian  carcinomas,  17 
ovarian  carcinomas  metastatic  to  the  omentum,  and  50  normal  ovaries.  The  bar  graph  on  the  left 
depicts  the  percentage  of  samples  that  express  detectable  levels  of  the  indicated  gene  fragment. 
The  intensity  of  gene  expression  in  each  sample  is  plotted  as  average  expression  value  on  a  linear 
scale  on  the  right;  median  +/-  2  SD  of  expression  values  are  shown. 
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Figure  4.  Immunohistochemical  staining  of  differentially  expressed  gene  products.  Normal 
ovaries  (A,D,G,J,M),  ovarian  carcinoma  (B,E,H,K,N),  and  ovarian  carcinoma  metastatic  to  the 
omentum  (C,F,IJL,0)  tissues  were  stained  with  a  mAh  against  the  Pl  integrin  subunit  (A-C), 
normal  mouse  IgG  (D-F),  and  antibodies  against:  the  p8  integrin  subunit  (G-I),  BMP-7  (J-L),  and 
claudin-4  (M-0).  60x  magnification. 

Figure  5.  Immunohistochemical  staining  of  differentially  expressed  gene  products.  Normal 
ovaries  (AJ),G,J),  ovarian  carcinoma  (BdS,H,K),  and  ovarian  carcinoma  metastatic  to  the 
omentum  (C,F,IJL)  tissues  were  stained  with  antibodies  against:  COL  DC  a2  (A-C),  CRABP-1 
(D-F),  FOX  J1  (G-I),  and  SlOOAl  (J-L).  60x  magnification. 
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number  of  gene  fragments  in  each  indicated  range  of  fold  change. 


Table  2:  Genes  specifically  uptegulated  in  ovarian  carcinoma  tissue  samples 


Table  4:  Specificity,  sensitivity,  and  Youden's  misclassification  index  (J)  for 
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Abstract 


Objective  Ovarian  carcinoma  cells  form  multicellular  aggregates,  or  spheroids,  in  the 
peritoneal  cavity  of  patients  with  advanced  disease.  The  current  paradigm  that  ascites 
spheroids  are  non-adhesive  leaves  their  contribution  to  ovarian  carcinoma  dissemination 
undefined.  Here,  spheroids  obtained  fi-om  ovarian  carcinoma  patients’  ascites  were 
characterized  for  their  ability  to  adhere  to  molecules  encountered  in  the  peritoneal  cavity, 
with  the  goal  of  establishing  their  potential  to  contribute  to  ovarian  cancer  spread. 

Methods  Spheroids  were  recovered  fi-om  the  ascites  fluid  of  eleven  patients  with  stage  III 
ovarian  carcinoma.  Adhesion  assays  to  extracellular  matrix  proteins  and  human 
mesothelial  cell  monolayers  were  performed  for  each  of  the  ascites  spheroid  samples. 
Subsequently,  inhibition  assays  were  performed  to  identify  the  cell  receptors  involved. 
Results  Most  ascites  samples  adhered  moderately  to  fibronectin  and  type  I  collagen,  with 
reduced  adhesion  to  type  IV  collagen  and  laminin.  Monoclonal  antibodies  against  the  p  1 
integrin  subunit  partially  inhibited  this  adhesion.  Ascites  spheroids  also  adhered  to 
hyaluronan.  Additionally,  spheroids  adhered  to  live,  but  not  fixed,  human  mesothelial 
monolayers,  and  this  adhesion  was  partially  mediated  by  pi  integiins. 

Conclusions  The  cellular  content  of  the  ascites  fluid  has  often  been  considered  non¬ 
adhesive,  but  our  findings  are  the  first  to  suggest  that  patient-derived  ascites  spheroids 
can  adhere  to  mesothelial  extracellular  matrix  via  pi  integrins,  indicating  that  spheroids 
should  not  be  ignored  in  the  dissemination  of  ovarian  cancer. 

Keywords 

Cell  adhesion  molecules,  extracellular  matrix,  integrins,  ovarian  carcinoma,  spheroids 
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Introduction 


Ovarian  carcinoma  remains  the  fifth  leading  cause  of  cancer  death  for  women  in 
the  United  States.  [1]  Due  to  the  lack  of  reliable  tumor  markers  and  vague  or  absent 
symptoms  in  the  early  stages  of  the  disease,  seventy  percent  of  patients  initially  present 
with  advanced  disease,  with  tumor  spread  beyond  the  ovary.  [2]  As  ovarian  cancer 
progresses,  the  peritoneal  cavity  of  the  patients  frequently  accumulates  malignant  ascites 
fluid  containing  tumor  cells,  which  exist  both  singly  and  as  multicellular  aggregates,  or 
spheroids.  In  the  current  model  of  ovarian  cancer  spread,  tumor  cells  shed  from  the 
surface  of  the  ovary  into  the  ascites  fluid  and  can  subsequently  attach  to  and  invade 
through  the  mesothelial  cell  monolayers  that  line  the  organs  of  the  peritoneal  cavity. 
However,  because  the  cellular  content  of  the  ascites  fluid  exists  in  suspension  rather  than 
attached  to  peritoneal  surfaces,  ascites  cells  and  spheroids  are  generally  considered  a  non¬ 
adhesive  subset  of  the  tumor  cells.  Furthermore,  as  ovarian  cancer  research  has 
traditionally  focused  on  the  metastatic  behavior  of  single  cells,  little  is  known  about  the 
role  of  spheroids  in  ovarian  carcinoma  progression. 

Most  spheroid  research  has  focused  on  response  to  cancer  therapy  since 
Sutherland  and  associates  showed  spheroids  are  a  more  accurate  model  system  than 
monolayers  for  the  study  of  tumor  biology.[3,  4]  Spheroids  can  be  created  from  many 
different  cell  lines  and  types,  and  their  successfiil  manipulation  has  led  to  the  discovery 
of  a  multicellular-associated  resistance  of  spheroids  to  treatment.  [5,  6]  As  tumor  models, 
ovarian  carcinoma  spheroids  have  been  shown  to  be  protected  from  apoptosis  induced  by 
radiation  or  Taxol,[7-10]  but  the  potential  of  ascites  spheroids  to  implant  on  peritoneal 
surfaces  remain  imexplored. 
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The  mesothelial  cell  monolayer  that  lines  the  peritoneal  cavity  and  its  organs  is 
the  m^or  site  of  ovarian  carcinoma  dissemination.[2]  Mesothelial  cells  express  a  number 
of  extracellular  matrix  (ECM)  proteins  and  adhesion  molecules,  including  integrins  and 
CD44,  which  promote  ovarian  carcinoma  cell  adhesion.  [1 1-13]  Additionally,  mesothelial 
cells  secrete  factors  that  induce  ovarian  carcinoma  cell  migration.  [14]  A  variety  of 
adhesion  molecules,  including  integrins,  ECM  proteins,  glycosaminoglycans,  and 
proteoglycans  have  been  detected  in  spheroids.[15-18]  We  have  previously  demonstrated 
that  ovarian  carcinoma  spheroids  generated  from  the  NIH:OVCAR5  cell  line  adhere  to 
fibronectin,  type  IV  collagen,  and  laminin,  although  at  a  slower  rate  than  single  cell 
suspensions  of  NIH:OVCAR5  cells,  and  that  this  adhesion  is  mediated  by  the  a2,  a5,  a6, 
and  pi  integrin  subunits. [15]  Taken  together,  our  findings  are  the  first  to  suggest  that 
primary  patient  ascites  spheroids  may  also  possess  the  ability  to  adhere  to  secondary 
tumor  sites,  rather  than  comprise  a  non-adherent  population  of  tumor  cells. 

In  the  present  study,  we  examined  the  ability  of  eleven  ovarian  carcinoma  patient- 
derived  ascites  spheroid  samples  to  adhere  to  a  variety  of  components  frequently  found  in 
the  ECM  of  mesothelial  cells.  We  also  determined  whether  a  monoclonal  antibody 
(mAb)  against  the  pi  integrin  subunit  or  CD44  could  block  this  adhesion.  Furthermore, 
we  assessed  the  ability  of  patients’  ascites  spheroids  to  adhere  to  live  or 
paraformaldehyde-fixed  human  mesothelial  monolayers  and  whether  this  adhesion  was 
partially  dependent  upon  pi  integrin  or  CD44  interactions.  Given  the  propensity  of 
spheroids  to  exhibit  a  multicellular  resistance  to  therapy,"*'^  our  findings  suggest  that 
ovarian  carcinoma  ascites  spheroids  should  be  considered  a  potential  source  of  secondary 
tumor  growth  in  ovarian  cancer  patients. 
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Materials  and  Methods 


ECM  Components 

Type  IV  collagen  from  mouse  Engelbreth  Holm-Swarm  (EHS)  tumor  was  purchased 
from  Trevigen  (Gaithersburg,  MD).  Type  I  collagen  from  human  placenta  was  purchased 
from  Southern  Biotech  (Birmingham,  AL).  Mouse  EHS  laminin  was  purchased  from 
Invitrogen  (Carlsbad,  CA).  Human  plasma  fibronectin,  purified  as  described,[19]  was 
provided  by  Dr.  James  McCarthy,  University  of  Minnesota.  Human  umbilical  cord 
hyaluronan  and  ovalbumin  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
Hyaluronan  oUgomers  were  prepared  as  previously  described.  Briefly,  175  U  of  bovine 
testicular  hyaluronidase  per  mg  hyaluronan  was  incubated  for  18  hours  at  37®C,  followed 
by  boiling  at  100°C  for  10  minutes  to  inactivate  the  hyaluronidase. 

Antibodies 

Purified  immunoglobulin  (IgG)  of  mouse  mAb  P5D2,  which  blocks  the  adhesive  activity 
of  the  human  pi  integrin  subunit,  was  provided  by  Dr.  Leo  Furcht  (University  of 
Minnesota).  AfSnity-purified  IgG  of  mAb  IM7,  which  blocks  the  hyaluronan-binding 
site  of  CD44,  was  purchased  from  Pharmigen  (San  Diego,  CA).  Normal  mouse  IgG  was 
purchased  from  Sigma  Chemical  Co.  CD  15  mAb  MMA,  CA-125  mAb  OV185:l,  and 
CD45  mAb  LCA  were  purchased  from  Ventana  Medical  Systems.  B72.3  mAh  was 
purchased  from  Signet  Laboratories,  Inc.  (Dedham,  MA).  Polyclonal  antibodies  against 
CEA  and  a  mAb  against  Ber-EP4  were  purchased  from  DakoCytomation  (Carpinteria, 
CA).  A  polyclonal  antibody  against  calretinin  was  purchased  from  Zymed  Laboratories 
(South  San  Francisco,  CA). 
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Cell  Culture 


The  ovarian  carcinoma  cell  line  NIH:OVCAR5  was  obtained  from  Dr.  Judah  Folkman 
(Harvard  Medical  School,  Boston,  MA),[20]  and  was  chosen  for  its  ability  to  mimic 
ovarian  carcinoma  progression  in  vivo  when  injected  into  mice.[21]  This  cell  line  was 
maintained  in  RPMI  1640  media  with  10%  fetal  bovine  serum  (FBS,  from  Nova-Jech, 
Inc,  Grand  Island,  NE),  2  mM  L-glutamine,  0.2  U/ml  insulin,  and  50  U/ml  penicillin 
G/streptomycin.  The  human  peritoneal  mesothelial  cell  line  LP9  was  purchased  from  the 
Coriell  Cell  Repository  (Camden,  NJ),  and  maintained  in  a  1:1  ratio  of  Ml 99  and 
MCDBllO  media,  supplemented  with  15%  FBS,  2  mM  glutamine,  5  ng/ml  EGF,  0.4 
pg/ml  hydrocortisone,  and  50  U/ml  penicillin/streptomycin.  Both  cell  lines  were  cultured 
in  75  mm^  tissue  culture  flasks  in  a  5%  CO2  humidified  incubator  at  37°C. 

Purification  of  Primary  Ovarian  Carcinoma  Cells 

Ascites  fluid  samples  from  eleven  patients  diagnosed  with  stage  III  or  IV  ovarian 
carcinoma  were  obtained  through  the  University  of  Minnesota  Cancer  Center  Tissue 
Procurement  Facility  with  approval  of  the  University  of  Minnesota  Institutional  Review 
Board.  Ascites  tumor  cells  and  spheroids  were  collected  by  centrifugation  at  100  x  g  for 
10  minutes.  Erythrocytes  were  lysed  by  resuspending  the  cells  in  lysis  buffer  (10  nM 
potassium  bicarbonate,  155  mM  ammonium  chloride,  0.1  mM  EDTA,  pH  7.4)  for  5 
minutes.  The  remaining  cells  were  collected  by  centrifugation  at  100  x  g  for  10  minutes, 
then  layered  upon  Ficoll-Paque  Plus  (Pharmacia  Biotech,  Uppsala,  Sweden)  and 
centrifuged  again  at  400  x  g  for  1 5  minutes.  The  tumor  cells  were  removed  from  the  top 
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of  the  Ficoll  layer  and  washed  in  RPMI 1640  media.  Aliquots  of  ascites  (1x10^  cells/ml) 
were  suspended  in  10%  DMSO  and  90%  FBS,  and  stored  in  liquid  nitrogen. 

Immunohistochemistry 

For  immunohistochemical  analysis,  paraffin  blocks  were  made  from  thrombin  clots  of 
purified  ovarian  carcinoma  patient  ascites  fluid.  Thrombin  clots  were  prepared  by  adding 
2-3  pi  of  ascites  cell  pellet  to  100  pi  human  plasma  and  50  pi  thrombin  (Sigma  Chemical 
Co).  The  thrombin  clots  were  fixed  with  10%  formaldehyde  in  PBS,  and  were  paraffin- 
embedded  in  the  Fairview  University  Medical  Center  Pathology  Laboratory.  4-5  micron 
sections  were  stained  with  a  panel  of  antibodies  against  ovarian  carcinoma  (CA-125), 
epithelial  cells  (Ber-Ep4,  CD15,  B72.3,  CEA),  mesothelial  cells  (calretinin),  and 
inflammatory  cells  (CD45)  on  an  automated  immimostainer  (Benchmark,  Ventana 
Medical  Systems,  Tucson,  AZ).  A  pathologist  evaluated  each  sample  and  verified  the 
presence  of  90%  ovarian  carcinoma  cells  in  all  cases. 

Spheroid  Culture 

Spheroids  were  generated  using  a  liquid  overlay  technique  as  previously  described.  [15] 
24-well  tissue  culture  plates  were  coated  with  500  pi  of  0.5%  SeaKem  LE  agarose  in 
serum-free  media,  and  allowed  to  solidify  for  30  minutes  at  room  temperature. 
NIH:OVCAR5  cells  were  released  from  monolayer  cultures  with  0.5%  trypsin/2  mM 
ethylenediaminetetraacetic  acid  (EDTA),  resuspended  in  complete  media,  transferred  to 
agarose-coated  wells  at  50,000  cells/well,  and  incubated  for  48  hours  at  37°C. 
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Archived  patient  ascites  samples,  consisting  of  heterogeneous  populations  of 
single  cells  and  spheroids,  were  rapidly  thawed,  washed  with  complete  media,  and 
centrifuged  at  100  x  g  for  5  minutes.  The  cells  were  resuspended  in  complete  media,  and 
cultured  in  suspension  on  top  of  solidified  agarose  overnight  to  equilibrate.  Prior  to  use 
in  assays,  both  NIH:OVCAR5  and  patient  ascites  spheroids  were  centrifuged  at  10  x  g  for 
3  minutes  to  remove  single  cells. 

Spheroid  Adhesion  Assays 

Glass  8-well  chamber  slides  (Nalge  Nunc  International,  Naperville,  IL)  were  coated  with 
50  pg/ml  of  laminin,  fibronectin,  type  I  collagen,  type  IV  collagen,  ovalbumin,  or  1 
mg/ml  of  hyaluronan,  or  hyaluronan  firagments  (6  and  8-mer’s),  in  phosphate  buffered 
saline  (PBS)  overnight  in  a  humidified  incubator  at  37°C.  The  slides  were  blocked  with 
2  mg/ml  ovalbumin  in  PBS  for  at  least  one  hour,  ^d  then  gently  washed  with  PBS. 
Patient  ascites  spheroids  were  resuspended  in  RPMI  media,  and  200  pi  aliquots  of  the 
suspension  were  transferred  to  each  well,  to  yield  50-100  spheroids/well.  The  number  of 
spheroids  per  well  was  coimted  manually  under  a  light  microscope,  and  the  slides  were 
mcubated  for  1-4  hrs  at  37°C.  The  slides  were  rinsed  in  PBS,  fixed  and  stained  with 
Diff-Quik  (Dade  Behring,  Inc.,  Newark,  DE)  according  to  manufacturer’s  instructions, 
and  the  number  of  adherent  spheroids  in  each  well  was  counted.  Percent  adhesion  was 
determined  as  the  number  of  spheroids  per  well  remaining  after  fixation  divided  by  the 
number  of  spheroids  originally  added  per  well,  multiplied  by  100. 

For  mhibition  assays,  patient  ascites  spheroids  were  incubated  in  RPMI  media 
with  10  pg/ml  of  a  blocking  mAb  against  the  pi  integrin  subunit,  a  mAb  that  blocks  the 
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Archived  patient  ascites  samples,  consisting  of  heterogeneous  populations  of 
single  cells  and  spheroids,  were  rapidly  thawed,  washed  with  complete  media,  and 
centrifuged  at  100  x  g  for  5  minutes.  The  cells  were  resuspended  in  complete  media,  and 
cultured  in  suspension  on  top  of  solidified  agarose  overnight  to  equilibrate.  Prior  to  use 
in  assays,  both  NIH:OVCAR5  and  patient  ascites  spheroids  were  centrifuged  at  10  x  g  for 
3  minutes  to  remove  single  cells. 

Spheroid  Adhesion  Assays 

Glass  8-well  chamber  slides  (Nalge  Nunc  International,  Naperville,  IL)  were  coated  with 
50  pg/ml  of  laminin,  fibronectin,  type  I  collagen,  type  IV  collagen,  ovalbumin,  or  1 
mg/ml  of  hyaluronan,  or  hyaluronan  fragments  (6  and  8-mer’s),  in  phosphate  buffered 
saline  (PBS)  overnight  in  a  humidified  incubator  at  37°C.  The  slides  were  blocked  with 
2  mg/ml  ovalbumin  in  PBS  for  at  least  one  hour,  and  then  gently  washed  with  PBS. 
Patient  ascites  spheroids  were  resuspended  in  RPMI  media,  and  200  pi  aliquots  of  the 
suspension  were  transferred  to  each  well,  to  yield  50-100  spheroids/well.  The  number  of 
spheroids  per  well  was  counted  manually  under  a  light  microscope,  and  the  slides  were 
incubated  for  1-4  hrs  at  37°C.  The  slides  were  rinsed  in  PBS,  fixed  and  stained  with 
Diff-Quik  (Dade  Behring,  Inc.,  Newark,  DE)  according  to  manufacturer’s  instructions, 
and  the  number  of  adherent  spheroids  in  each  well  was  counted.  Percent  adhesion  was 
determined  as  the  number  of  spheroids  per  well  remaining  after  fixation  divided  by  the 
number  of  spheroids  originally  added  per  well,  multiplied  by  100. 

For  inhibition  assays,  patient  ascites  spheroids  were  incubated  in  RPMI  media 
with  10  pg/ml  of  a  blocking  mAb  against  the  pi  integrin  subunit,  a  mAb  that  blocks  the 


8 


hyaluronan-binding  site  of  CD44,  or  mouse  IgG  for  30  minutes  at  37°C  prior  to  addition 
to  the  chamber  slides.  The  spheroids  were  then  transferred  to  the  slides  in  the  presence  of 
the  antibodies,  in  which  they  remained  for  the  duration  of  the  1-hour  adhesion  assay. 
Inhibition  was  determined  as:  (%  adhesion  in  mIgG  -  %  adhesion  in  test  mAb)  /  (% 
adhesion  in  mIgG),  multiplied  by  100.  To  block  adhesion  to  hyaluronan,  spheroids  were 
incubated  with  0-1000  pg/ml  of  soluble  hyaluronan,  or  0-500  pg/ml  hyaluronan 
fragments,  for  30  minutes.  The  spheroids  were  then  transferred  to  the  slides  in  the 
presence  of  the  soluble  inhibitor  for  2  hours.  Inhibition  was  determined  as:  (%  adhesion 
in  0  HA  -  %  adhesion  in  test  HA)  /  (%  adhesion  in  0  HA),  multiplied  by  100.  The 
experiments  were  performed  at  least  three  times  in  quadruplicate. 

Spheroid  Adhesion  to  Mesothelial  Monolayers 

To  quantitate  the  adhesion  of  patient  ascites  spheroids  to  mesothelial  monolayers,  LP9 
human  mesothelial  cells  were  grown  to  confluence  in  glass  Falcon  8-well  chamber  slides 
(BD  Biosciences,  Bedford,  MA).  For  some  assays,  monolayers  were  fixed  with  4% 
paraformaldehyde  in  PBS  at  room  temperature  for  10  minutes,  then  rinsed  three  times 
with  50  mM  ammonium  chloride  in  PBS,  and  blocked  with  1%  BSA  in  RPMI  for  30 
minutes  to  quench  excess  aldehyde  from  the  fixation  step.  [22]  Patient  ascites  spheroids 
were  labeled  with  5-chloromethylfluorescein  diacetate  (CMFDA)  (Molecular  Probes, 
Eugene,  OR)  by  incubating  the  spheroids  in  a  solution  of  0.01  pg/ml  CMFDA  in  RPMI 
for  45  minutes  at  37°C.  Spheroids  were  rinsed  twice  and  incubated  for  30  minutes  in 
RPMI.  Following  a  final  rinse,  spheroids  were  added  in  RPMI  to  the  wells  of  either  live 
or  fixed  mesothelial  cell  monolayers.  The  number  of  spheroids/well  was  counted  under  a 
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fluorescent  microscope,  and  the  spheroids  were  allowed  to  adhere  for  1-4  hours  at  37°C. 
Non-adherent  spheroids  were  gently  rinsed  away  with  PBS,  and  the  remaining  spheroids 
were  fixed  with  Diff-Quik  fixative.  The  percent  of  adherent  spheroids  was  determined  by 
dividing  the  number  of  spheroids  remaining  after  fixation  by  the  number  of  spheroids 
added  to  each  well  originally,  multiplied  by  100.  These  experiments  were  performed  at 
least  three  times  in  quadruplicate. 

For  inhibition  assays,  CMFDA-labeled  patient  ascites  spheroids  were  incubated  in 
RPMI  in  the  presence  of  10  ug/ml  of  a  blocking  mAb  against  the  pi  integrin  subunit,  a 
mAb  that  blocks  the  hyaluronan-binding  site  of  CD44,  or  mouse  IgG  for  30  minutes  at 
37°C  prior  to  their  addition  to  the  chamber  slides.  The  spheroids  were  then  transferred  in 
the  presence  of  the  antibody  to  wells  containing  live,  confluent  monolayers  of 
mesothelial  cells  for  the  duration  of  the  2-hour  adhesion  assay.  Inhibition  was 
determined  as:  (%  adhesion  in  mIgG  -  %  adhesion  in  test  mAb)  /  (%  adhesion  in  mlgG), 
multiplied  by  100.  The  experiments  were  performed  at  least  three  times  in  quadruplicate. 
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Results 


Characterization  of  ovarian  carcinoma  spheroids  from  the  peritoneal  cavity  of  patients. 
Ovarian  carcinoma  spheroids  were  isolated  from  ascites  samples  obtained  from  eleven 
patients  with  ovarian  carcinoma.  The  isolated  spheroids  were  stained  with  a  panel  of 
immunohistochemical  markers  to  verify  that  the  spheroids  consisted  of  over  90% 
epithelial  ovarian  carcinoma  cells  that  expressed  CA-125,  the  clinical  marker  of  ovarian 
carcinoma.  Immimohistochemical  analysis  also  revealed  that  some  spheroids 
incorporated  up  to  10%  mesothelial  cells  and  inflammatory  cells  into  the  aggregates 
along  with  the  tumor  cells.  All  samples  were  viable  as  determined  by  trypan  blue  stain 
exclusion  (data  not  shown).  The  eleven  ascites  samples  were  relatively  similar  in 
composition,  containing  a  mix  of  single  cells  and  spheroid  aggregates  ranging  in  size 
from  30-200  pm  in  diameter  (Fig.l,  #1-11).  Spheroids  generated  in  vitro  from 
NIH:OVCAR5  cells  (Fig.l,  OVCAR5)  resembled  spheroids  recovered  from  patient 
ascites  samples  in  terms  of  size  and  general  appearance. 

Adhesion  of  ascites  spheroids  to  ECM  proteins.  We  have  previously  shown  that 
spheroids  generated  in  vitro  from  the  ovarian  carcinoma  cell  line  NIH:OVCAR5  have  the 
ability  to  adhere  to  ECM  components.  [15]  To  establish  the  relevance  of  this  adhesion  to 
ovarian  carcinoma  patients,  spheroids  obtained  from  the  ascites  fluid  of  eleven  patients 
were  tested  for  their  ability  to  adhere  to  ECM  proteins  (Fig.  2A).  To  quantitate  adhesion, 
ovarian  carcinoma  ascites  spheroids  were  allowed  to  adhere  for  up  to  four  hours  to  glass 
chamber  slides  coated  with  50  pg/ml  fibronectin,  type  I  collagen,  type  fV  collagen, 
laminin,  or  ovalbumin.  In  most  cases,  maximal  adhesion  was  observed  by  2  hours,  with  a 
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decrease  in  axihesion  observed  at  4  hours  in  serum-free  conditions.  Therefore,  the  2-hour 
time-point  was  selected  for  the  remainder  of  the  experiments.  Patient  ascites  spheroids 
segregated  into  three  adhesion  groups  based  on  their  levels  of  adhesion  to  ECM  proteins 
at  2  hours  (Fig.  2B).  Patient  samples  #1  and  #2  showed  high  levels  of  adhesion,  Avith  35- 
70%  of  the  spheroids  adhering  to  the  CM  proteins.  Patient  samples  #3-7  displayed 
moderate  levels  of  adhesion,  with  10-20%  of  the  spheroids  adhering.  Patient  samples  #8- 
11  consisted  of  low  or  non-adherent  spheroids,  with  <10%  adhesion  (Fig.  2B).  Overall, 
the  samples  showed  greater  levels  of  adhesion  to  fibronectin  and  type  I  collagen  than  to 
laminin  or  type  IV  collagen.  In  many  cases,  spheroid  adhesion  to  ovalbumin  was  almost 
as  high  as  that  to  laminin. 

Ascites  spheroid  adhesion  to  ECKI proteins  is  partially  mediated  by  pi  integrin  subunits. 
We  have  previously  shown  that  NIH:OVCAR5  spheroids  have  the  ability  to  adhere  to 
ECM  components  via  multiple  integrin  receptors.  [15]  Therefore,  the  contribution  of 
integrin  subumts  in  mediating  patients’  ascites  spheroid  adhesion  to  ECM  components 
was  evaluated  (Fig.  3).  The  four  most  adhesive  ascites  spheroid  samples  overall  (patient 
samples  #1-4)  were  selected  in  order  to  ensure  detection  of  significant  levels  of 
inhibition.  Ascites  spheroids  were  allowed  to  adhere  to  ECM  proteins  or  ovalbumin  for  1 
hour  in  the  presence  of  a  blocking  mAb  against  the  p  1  integrin  subunit  or  a  mIgG  control. 
Ascites  spheroid  adhesion  to  laminin  was  decreased  by  >80%  for  all  four  patient  samples 
when  incubated  with  the  mAb  against  file  pi  integrin  subunit  when  compared  to  mIgG. 
Adhesion  to  fibronectin  and  t3^pe  IV  collagen  was  inhibited  by  40-60%  for  patient 
samples  #1-3,  and  by  >80%  for  patient  sample  #4.  Adhesion  to  type  I  collagen  was 


decreased  by  65-85%  in  the  presence  of  the  mAb  against  the  pi  integrin  subunit.  These 
results  suggest  that  patients’  ascites  spheroid  adhesion  to  laminin,  fibronectin,  type  I 
collagen,  and  type  IV  collagen  is  mediated  partially  by  pi  integrins.  Spheroid  adhesion  to 
ovalbumin  remained  unchanged  in  the  presence  of  the  blocking  mAb  against  the  pi 
integrin  subumt,  demonstrating  that  patients’  ascites  spheroid  adhesion  to  ovalbumin  is 
not  mediated  by  p  1  integrins  and  is  most  likely  non-specific. 

Adhesion  of  patients’  ascites  spheroids  to  hyaluronan.  Ovarian  carcinoma  cells  have 
been  shown  to  express  CD44,  which  can  mediate  their  adhesion  to  hyaluronan  in  the 
periceUular  matrix  of  mesolhelial  cells.[12, 13]  To  examine  the  role  of  hyaluronan  in  the 
adhesion  of  ascites  spheroids,  glass  chamber  slides  were  coated  with  1  mg/ml  hyaluronan 
or  hyaliuonan  oligomers.  The  oligomers  were  chosen  since  they  are  the  shortest 
hyaluronan  fi-agments  that  will  bind  to  CD44.  Ascites  spheroids  (samples  #1-11)  and 
NIH.OVCAR5  spheroids  (OVCAR5)  were  allowed  to  adhere  for  1-4  hours.  Similar  to 
the  results  seen  in  the  ECM  protein  adhesion  assays  (Fig.  2),  maximum  spheroid 
adhesion  occurred  at  2  hours  (Fig.  4).  For  the  ascites  spheroids  (patient  samples  #1-1 1), 
adhesion  to  hyaluronan  surpassed  that  of  adhesion  to  ECM[  glycoproteins,  with  few 
exceptions  (Fig  4.,  samples  #1,  5,  and  6.)  Ascites  spheroids  generally  adhered  to 
hyaluronan  oligomers  as  readily  as  they  did  to  intact  hyaluronan.  Interestingly, 
NIH:OVCAR5  spheroids  typically  exhibited  very  low  levels  of  adhesion  (Fig.  4, 
OVCAR5). 

To  determine  the  specificity  of  hyaluronan  adhesion,  we  performed  a  competition 
assay  of  ascites  spheroid  adhesion  to  hyaluronan  by  adding  either  soluble  hyaluronan  or 
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hyaluronan  fiagments.  Adhesion  to  hyaluronan  decreased  in  a  dose-dependent  manner 
(fis  5)*  Addition  of  100  pg/ml  of  soluble  hyaluronan  reduced  adhesion  of  patient  sample 
#1  to  hyaluronan  by  30%,  and  reduced  adhesion  of  patient  samples  #2-4  by  20%  (Fig 
5 A).  Both  500  and  1000  pg/ml  of  soluble  hyaluronan  eliminated  adhesion  for  all  four 
patient  ascites  samples.  Addition  of  80  mg/ml  of  hyaluronan  fragments  had  no  effect  on 
patient  samples  #1  and  3,  but  reduced  hyaluronan  adhesion  of  patient  sample  #2  by  20% 
and  patient  sample  #4  by  40%  (Fig  5B).  Increasing  the  concentration  to  500  pg/ml  of 
hyaluronan  fiagments  completely  blocked  adhesion  of  patient  samples  #1-3  to 
hyaluronan,  and  adhesion  of  patient  sample  #4  was  inhibited  by  approximately  90%. 

We  next  wished  to  determine  the  contribution  of  the  cell  surface  receptor  CD44  in 
ascites  spheroid  adhesion  to  hyaluronan.  The  most  adhesive  patient  ascites  spheroid 
samples,  #1-4,  were  allowed  to  adhere  to  hyaluronan  for  1  hour  in  the  presence  of  a  mAh 
against  the  CD44  receptor.  The  mAh  failed  to  inhibit  hyaluronan  adhesion,  and  in 
several  experiments  increased  the  adhesion  of  the  spheroids  by  as  much  as  20%  (data  not 
shown).  These  data  suggest  that  hyaluronan  may  play  a  role  in  ascites  spheroid  adhesion, 
but  the  involvement  of  CD44  in  mediating  this  adhesion  remains  to  be  determined. 

Adhesion  of  NIH:OVCAR5  and  patient  ascites  spheroids  to  human  mesothelial  cell 
monolayers.  We  examined  the  ability  of  patient  ascites  spheroids  to  adhere  to 
mesothelial  cell  monolayers,  the  primary  site  of  secondary  tumor  growth  in  ovarian 
cancer.  LP9  human  mesothelial  cells  were  grown  to  confluence  on  glass  chamber  slides. 
NIH:OVCAR5  or  patient  ascites  spheroids  were  labeled  with  CMFDA,  resuspended  in 
RPMI,  and  allowed  to  adhere  to  live  mesothelial  cell  monolayers  for  1—4  hours  (Fig.  6A, 
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a-d).  For  all  eleven  patient  ascites  samples,  adhesion  at  2  hours  to  live  mesolhelial 
monolayers  was  comparable  or  greater  than  adhesion  to  individual  ECM  glycoproteins 
(Fig.  6B).  The  two  patient  samples  (#1  and  2)  that  adhered  at  highest  levels  to  ECM 
proteins  (Fig.  2)  also  adhered  well  to  mesothelial  cells  (Fig.  6B).  Interestingly,  the  two 
ascites  spheroid  samples  that  exhibited  the  least  adhesion  to  ECM  glycoproteins  (patient 
samples  #10  and  11)  were  among  the  most  adhesive  to  mesothelial  cells  (Fig.  6B). 
Adhesion  typically  increased  j&om  1-2  hours,  and  then  remained  constant  up  to  4  hours. 
NIH:OVCAR5  spheroids  also  adhered  to  live  moiiolayers,  although  to  degree  than  to 
individual  ECM  glycoproteins  at  2  hours.[15]  To  determine  if  the  presence  of  mesothelial 
ECM  or  cell  receptors  alone  was  necessary  to  facilitate  adhesion,  ascites  spheroids  were 
also  added  to  paraformaldehyde-fixed  mesothelial  monolayers  for  1-4  hours.  For  all 
samples,  spheroid  adhesion  to  fixed  mesothelial  cells  was  less  than  10%  (Fig.  6B). 

pi  integrin  subunits  partially  mediate  ascites  spheroid  adhesion  to  mesothelial 
monolayers.  To  investigate  the  role  of  pi  integrins  in  mediating  the  adhesion  of  ascites 
spheroids  to  mesolhelial  cells,  the  four  highest  adhering  patient  spheroid  samples  (#1, 2, 
10,  and  1 1)  were  allowed  to  adhere  for  2  hours  in  the  presence  of  a  blocking  mAb  against 
the  pi  integrin  subunit  (Fig.  7).  The  mAh  against  the  pi  integrin  subunit  reduced 
adhesion  of  samples  #1,  #10  and  #1 1  by  over  60%,  while  approximately  40%  inhibition 
was  observed  for  sample  #2.  Addition  of  the  mAb  against  CD44  had  no  effect  on 
adhesion  (data  not  shown.)  These  data  indicate  that  while  p  1  integrins  play  a  significant 
role  in  mediating  adhesion  of  ascites  spheroids  to  mesothelial  cells,  it  is  likely  that  other 
cell  receptors  are  involved. 
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Discussion 


In  advanced  stages  of  ovarian  carcinoma,  a  malignant  ascites  fluid  accumulates  in  the 
peritoneal  cavity,  populated  by  tumor  cells  that  exist  singly  or  as  multicellular  spheroids, 
with  mesothelial  and  inflammatory  cells.  Cultures  derived  from  ovarian  carcinomas  have 
been  difficult  to  establish,  as  the  tumor  cells  will  often  fail  to  attach  to  a  tissue-culture 
substrata.  [11,  23,  24]  Often,  the  free-floating  tumor  cells  form  spheroid  aggregates, 
mimicking  those  observed  in  the  peritoneal  effusions  of  ovarian  carcinoma  patients.[25, 
26]  Despite  these  difficulties,  a  number  of  ovarian  carcinoma  cell  lines  have  successfully 
been  established  and  utilized  in  extensive  studies  focusing  on  monolayer  culture  and 
single  cell  suspensions,  while  largely  overlooking  the  role  of  spheroids  m  ovarian  cancer 
progression.  However,  established  cell  lines  do  not  necessarily  reflect  the  most  accurate 
approximation  of  in  vivo  conditions  since  they  represent  only  a  limited  outgrowth  of 
select  tumor  cells  and  not  the  heterogeneity  seen  in  vivo.  Additionally,  monolayers  and 
spheroids  display  altered  properties,[27,  28]  indicating  a  need  for  further  investigation 
into  the  differences  between  these  two  morphologies.  In  this  study,  we  characterized  the 
adhesive  ability  of  ascites  spheroids  from  eleven  ovarian  carcinoma  patients,  and 
investigated  the  adhesion  molecules  involved  in  mediating  ascites  spheroid  adhesion  to 
both  ECM  components  and  mesothelial  cells. 

Here,  we  report  that  spheroids  recovered  from  the  ascites  fluid  of  eleven  ovarian 
carcinoma  patients  demonstrate  the  ability  to  adhere  to  ECM  proteins.  Patient  ascites 
spheroids  adhered  preferentially  to  type  I  collagen  and  fibronectin,  and  exhibited  lower 
levels  of  adhesion  to  type  IV  collagen  and  laminin.  In  ECM  protein  adhesion  assays,  the 
patient  samples  segregated  into  three  groups  at  2  hoius;  a  highly  adhesive  group  with  35- 
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70%  adhesion,  a  moderately  adhesive  group  showing  10-20%  adhesion,  and  a  low-  or 
non-adhesive  group  with  less  than  10%  adhesion  to  ECM  proteins.  Since  the  ascites 
spheroids  are  similar  in  morphology  firom  one  sample  to  the  next,  shear  forces  likely  do 
not  contribute  to  the  differences  in  adhesion  between  groups. 

The  ability  of  single  ovarian  carcinoma  cells  to  adhere  to  ECM  proteins  has  been 
studied  by  several  groups.  A  number  of  ovarian  cancer  cells  lines[29]  and  cultured 
ovarian  cancer  cells  recovered  from  ascites  fluid  have  demonstrated  preferential  adhesion 
to  type  I  collagen.  [30]  Ovarian  cancer  cell  lines  and  primary  cultures  have  also  been 
shown  to  adhere  to  laminin,  fibronectin,  vitronectin,  and  type  IV  collagen.  [29-31]  Our 
previous  studies  have  shown  that  spheroids  created  from  the  ovarian  carcinoma  cell  line 
NIH.OVCARS  can  adhere  to  type  IV  collagen,  fibronectin,  and  laminin  in  a  time- 
dependent  marmer.  In  this  study,  adhesion  levels  of  ascites  spheroids  were  somewhat 
lower  than  those  reported  for  single  ovarian  carcinoma  cells,[10,  27,  29-31]  which 
possibly  reflects  a  change  in  cell  adhesive  ability  upon  acquisition  of  the  spheroid 
morphology.  It  is  plausible  that  cells  in  spheroids  prefer  to  maintain  their  homotypic 
interactions,  rather  than  disseminating  and  establishing  heterotypic  interactions  with  a 
matrix.  It  has  also  been  observed  that  ovarian  cancer  cells  form  distinctly  different 
adhesion  complexes  when  grown  on  laminin  versus  fibronectin.  [32]  It  is  thus  possible 
that  low  adhesion  levels  by  spheroids  to  some  ECM  glycoproteins  may  be  due  to 
formation  of  more  structurally  weak  adhesion  complexes  that  are  more  sensitive  to  shear 
forces  than  single  cells,  resulting  in  decreased  attachment  to  substrata.  The  spheroid 
geometry  may  also  result  in  smaller  surface  area  for  attachment.  Using  patient  samples 
versus  established  cell  lines  also  presents  the  opportunity  for  alterations  in  the  type  and 
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levels  of  adhesion  molecules  expressed,  or  cell  receptors  already  bound  with  matrix 
ligand.  Furthermore,  the  ascites  spheroids  used  here  were  not  passaged  prior  to  adhesion 
assays,  which  avoided  select  outgrowth  of  adhesive  tumor  cells. 

In  this  study,  we  show  that  pi  integrins  partially  mediate  the  adhesion  of  ovarian 
carcinoma  ascites  spheroids  to  ECM  proteins.  Ascites  spheroid  adhesion  to  laminin  was 
nearly  eliminated  by  blocking  the  pi  integrin  subunit,  while  adhesion  to  fibronectin,  type 
IV  collagen,  and  type  I  collagen  was  reduced  by  approximately  60%  in  the  presence  of 
the  same  mAb.  While  this  suggests  the  importance  of  pi  integrins  in  mediating  ascites 
spheroid  attachment  to  ECM  glycoproteins,  the  incomplete  inhibition  of  adhesion 
indicates  that  other  cell  adhesion  molecules  likely  play  a  role,  albeit  minor,  in  spheroid 
adhesion.  Ovarian  carcinoma  cells  have  been  shown  to  produce  chondroitin  sulfate  and 
heparan  sulfate  proteoglycans,  which  they  use  to  facilitate  their  adhesion  to  interstitial 
matrix  components.[33]  It  is  possible  that  proteoglycans  present  on  the  patient  ascites’ 
spheroids  may  be  responsible  for  mediating  some  adhesion  to  the  ECM  glycoproteins 
used  in  our  assays.  Our  previous  studies  with  NlHrOVCARS  spheroids  demonstrated  that 
blocking  the  pi  integrin  subunit  function  with  a  mAb  completely  inhibited  adhesion  to 
laminin,  fibronectin,  and  type  IV  collagen.  [15]  Smularly,  Kawano  et  al  showed  that 
squamous  cell  carcinoma  spheroids  adhere  to  type  I  collagen,  laminin  I,  laminin  5,  and 
fibronectin,  and  that  this  adhesion  is  mediated  by  multiple  integrin-ligand 
interactions.  [3 4]  These  data  indicate  a  sigmficant  role  for  integrins  in  spheroid  adhesion, 
althou^  identifying  the  contribution  of  other  cell  receptors  will  also  be  relevant. 

A  number  of  ovarian  cancer  cell  lines  have  been  shown  to  adhere  to  hyaluronan 
via  the  cell  surface  molecule  CD44.[35,  36]  Based  on  their  levels  of  adhesion  to  ECM 
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glycoproteins,  we  investigated  the  ability  of  ascites  spheroids  to  adhere  to  hyaluronan.  In 
general,  the  eleven  patient  ascites  spheroid  samples  adhered  at  higher  levels  to 
hyaluronan  than  to  ECM  glycoproteins.  Ascites  spheroids  adhered  at  compjarable  levels 
to  fragmented  as  well  as  intact  hyaluronan.  Interestingly,  NIH:OVCAR5  spheroids  did 
not  significantly  adhere  to  hyaluronan,  which  may  indicate  altered  CD44  expression 
between  the  NIH.OVCAR5  cell  line  and  patient  cells.  Soluble  hyaluronan  and 
hyaluronan  firagments  were  able  to  compete  with  the  ability  of  patient  ascites  spheroids  to 
adhere  to  hyaluronan  in  a  dose-dependent  manner.  A  blocking  mAb  against  CD44  did  not 
significantly  inhibit  adhesion  to  hyaluronan,  and  often  had  the  effect  of  increasing 
adhesion  of  the  patient’s  spheroids  to  hyaluronan.  Other  cell  adhesion  molecules  besides 
CD44  are  known  to  mediate  cellular  adhesion  to  hyaluronan.  [3 7-3 9]  It  is  possible  that  the 
lack  of  inhibition  seen  here  by  a  blocking  antibody  against  CD44  may  be  due  to 
expression  of  alternate  receptors  that  mediate  hyaluronan  adhesion.  However,  it  has  been 
reported  that  some  anti-CD44  antibodies  can  actually  activate  binding  to  hyaluronan 
through  cross-linking  of  CD44  receptors.  [40]  Thus,  a  role  for  CD44  in  mediating  ascites 
spheroid  adhesion  cannot  be  ruled  out. 

Ovarian  carcinoma  spreads  by  tumor  cell  attachment  to  the  peritoneal 
mesothelium.  A  number  of  groups  have  shown  that  both  ovarian  cancer  cell  lines  and 
some  primary  cultures  are  capable  of  adhering  to  a  monolayer  of  mesothelial  cells,  via 
both  pi  integrin-ligand  interactions  and  CD44-hyaluronan  interactions. [12,  13,  41]  We 
report  here  that  ascites  spheroids  from  eleven  ovarian  carcinoma  patients  adhere  to 
monolayers  of  living,  but  not  fixed,  mesothelial  cells.  This  data  implies  that  ascites 
spheroid  adhesion  requires  feedback  from  the  mesothelial  cells.  Paraformaldehyde 
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treatment  gently  fixes  the  cells,  preserving  surface  epitopes.  Quenching  excess  aldehyde 
helps  guarantee  that  the  spheroids  will  not  be  accidentally  fixed  when  added  to  the 
assays.  The  low  levels  of  spheroid  adhesion  we  observed  to  fixed  cells  suggests  the 
presence  of  mesothelial  cell  receptors  and  matrix  components  alone  are  not  sufficient  to 
achieve  significant  adhesion.  Further  study  will  be  needed  to  identify  fectors  that  can 
contribute  to  this  apparent  cross-talk. 

Surprisingly,  while  those  patient  ascites  spheroid  samples  that  exhibited  high 
levels  of  adhesion  to  ECM  proteins  also  adhered  to  mesothelial  cells,  the  patients’ 
samples  that  were  the  least  adhesive  on  individual  ECM  proteins  were  also  among  the 
most  adhesive  samples  to  mesothelial  cell  monolayers.  This  may  reflect  variability  in  the 
expression  of  cell  receptors  between  patient  samples.  On  the  other  hand,  because  it  is 
difficult  to  do  an  exhaustive  study  of  all  of  the  cell  adhesion  molecules  tumor  cells  might 
encounter  in  vivo,  live  mesothelial  cells  may  present  unique  epitopes  that  have  a  greater 
avidity  for  these  patients’  samples  than  the  ECM  proteins  tested  in  this  study. 
Mesothelial  cells  synthesize  a  variety  of  ECM  proteins,  including  laminin  fibronectin, 
type  I  collagen,  and  hyaluronan  that  tumor  cells  can  use  to  support  their  attachment.[12, 
42]  Additionally,  mesothelial  cells  have  been  shown  to  induce  the  migration  of  ovarian 
carcinoma  cells.  [14]  Taken  together,  the  data  presented  here  suggests  that  ascites 
spheroids  present  the  potential  to  contribute  to  ovarian  carcinoma  dissemination  by  their 
ability  to  attach  to  mesothelial  monolayers. 

To  address  the  role  of  integrins  in  mediating  ascites  spheroid  adhesion  to 
mesothelial  cells,  we  incubated  the  spheroids  with  a  mAb  against  pi  integrin  subunits 
prior  to  their  addition  to  the  adhesion  assays.  Blocking  the  p  1  integrin  subunit  reduced 
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adhesion  by  60%  for  three  of  Ihe  ascites  spheroid  samples  tested,  and  reduced  adhesion  to 
the  fourth  sample  by  40%.  Again,  due  to  variation  between  patient  samples,  the 
composition  of  cell  receptors  capable  of  facilitating  mesothelial  attachment  may  differ 
between  patients.  A  mAb  that  blocks  the  hyaluronan-binding  site  of  CD44  failed  to 
mhibit  adhesion  of  ascites  spheroids  to  mesothelial  cells.  In  light  of  the  difficulty  in 
obtaining  an  effective  anti-CD44  antibody,  the  contribution  of  CD44  in  mediating  ascites 
spheroid  adhesion  cannot  be  ruled  out.  These  data  specify  a  role  for  pi  integrins  in 

mediating  ascites  spheroid  adhesion  to  mesothelium,  though  the  role  of  other  cell 
receptors  will  require  fiirther  exploration. 

While  the  levels  of  ascites  spheroid  adhesion  shown  here  may  not  be  100%,  the 
fact  that  these  experiments  were  performed  in  serum-free  conditions  must  not  be 
overlooked.  Ascites  fluid  fi'om  ovarian  carcinoma  patients  has  been  shown  to  contain  a 
number  of  factors  that  may  stimulate  tumor  ceU  growth  in  the  patient,  including 
lysophosphatidic  acid,  colony-stimulating  factor,  tumor  necrosis  factor  a,  interleukin- ip, 
interleukin-6,  vascular  endothelial  growth  factor,  and  matrix  metalloproteinases.[41,  43- 
45]  Moreover,  cell-free  ascites  fluid  has  been  shown  to  improve  ovarian  tumor  growth  in 
a  clonogenic  assay.  [46]  Considering  the  many  growth  factors  present  in  the  ascites  fluid, 
it  is  conceivable  that  enhanced  levels  of  ascites  spheroid  adhesion  may  occur  in  vivo. 

Follow-up  data  on  some  patients  was  available,  but  no  association  could  be  made 
between  spheroid  adhesion  levels  and  patient  survival  or  the  recurrence  of  disease  at  this 
time.  However,  we  will  be  continuing  to  monitor  these  patients  to  see  if  any  future 
correlations  can  be  established. 
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Evidence  of  spheroid  multicellular  resistance  to  radio-  and  chemotherapy  has 
been  reported.  [6,  47]  In  particular,  ovarian  carcinoma  cells  exhibit  protection  from  both 
radiation  and  Taxol -induced  apoptosis  when  grown  as  spheroids  in  comparison  to 
monolayers.  [9,  10,  27]  We  have  previously  reported  decreased  proliferation  of  ovarian 
carcinoma  cells  when  cultured  as  spheroids  in  contrast  to  the  same  cells  grown  as 
monolayers. [15]  Due  to  this  reduced  proliferative  ability,  which  may  ultimately  cause  an 
altered  response  to  c)^otoxic  agents,  the  potential  for  ascites  spheroids  to  escape 
treatment-induced  apoptosis  and  contribute  to  peritoneal  implantation  needs  to  be 
addressed. 

Taken  together,  the  data  presented  here  implicate  ascites  spheroids  as  a  potentially 
overlooked  threat  in  ovarian  carcinoma  spread.  Their  ability  to  attach  to  ECM 
glycoproteins,  hyaluronan,  and  mesothelial  cells,  as  well  as  their  inherent  resistance  to 
chemo-  and  radiation  therapies  indicate  that  spheroids  may  be  clinically  relevant  in  the 
progress  of  ovarian  cancer.  Further  studies  into  the  migrational  and  invasive  properties 
of  ascites  spheroids  will  be  necessary  to  establish  their  role  in  the  dissemination  of 
ovarian  carcinoma. 
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Figure  Legends 

Figure  1.  Morphologic  appearance  of  ovarian  carcinoma  spheroids.  Spheroids  were 
obtained  from  the  ascites  fluid  of  eleven  patients  (designated  #1-11,  respectively) 
diagnosed  with  stage  III/TV  serous  ovarian  carcinoma.  Photographs  of  the  ascites 
spheroids  were  taken  prior  to  adhesion  assays  while  still  in  agarose-coated  plates. 
NIH:OVCAR5  ovarian  carcinoma  cell  lines  were  cultured  in  0.5%  agarose-coated  24- 
well  plates  to  form  multicellular  spheroids  (OVCAR5),  and  photographed  at  48  hours. 
The  size  of  the  NIH:OVCAR5  and  patient  ascites  spheroids  ranged  from  30-200  pm  in 
diameter.  Scale  bar,  100  pm. 

Figure  2.  Adhesion  of  ovarian  carcinoma  patient  ascites  spheroids  to  extracellular 
matrix  proteins.  Patient  ascites  spheroids  were  incubated  in  serum-free  media  for  2 
hours  on  glass  chamber  slides  coated  with  50  pg/ml  laminin,  fibronectin,  type  IV 
collagen,  or  type  I  collagen.  Non-adherent  spheroids  were  rinsed  away,  and  the  remaining 
adherent  spheroids  were  fixed  and  stained.  Panel  A:  Patient  sample  #1  adhering  to:  (a) 
laminin,  (b)  fibronectin,  (c)  type  IV  collagen,  and  (d)  type  I  collagen.  Panel  B:  Patient 
samples  adhering  to  laminin  (black  bars),  fibronectin  (white),  type  IV  collagen  (striped), 
and  type  I  collagen  (gray).  Values  are  expressed  as  a  percentage  of  the  total  number  of 
spheroids  that  adhered  to  each  substrate.  Data  of  a  representative  experiment  are 
expressed  as  mean  ±  standard  deviation  for  quadruplicate  wells. 

Figure  3.  Adhesion  of  ovarian  carcinoma  patient  ascites  spheroids  to  extracellular 
matrix  is  dependent  upon  the  pi  integrin  subunit  The  four  most  adhesive  patient 
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spheroids  samples  (#1-4)  were  incubated  for  30  minutes  with  10  pg/ml  blocking  antibody 
against  the  pi  integrin  subunit  or  normal  mouse  IgG  before  being  added  to  glass  chamber 
slides  coated  with  50  pg/ml  laminin  (black  bars),  fibronectin  (white),  type  fV  collagen 
(striped),  type  I  collagen  (gray),  or  ovalbumin  (stippled).  Assays  were  performed  in  the 
continued  presence  of  the  antibody  for  1  hour.  Non-adherent  spheroids  were  rinsed  away, 
and  the  remaining  adherent  spheroids  were  fixed  and  stained.  Values  are  expressed  as  the 
percent  inhibition.  Data  of  a  representative  experiment  are  shown  as  mean  ±  standard 
deviation  for  quadruplicate  wells. 

Figure  4.  Patient  ascites  spheroids  adhere  to  hyaluronan.  Patient  ascites  spheroids 
(#1-11)  and  NIH.OVCAR5  spheroids  (OVCAR5)  were  added  to  glass  chamber  slides 
coated  with  1  mg/ml  hyaluronan  (black)  or  hyaluronan  fi-agments  (white)  and  allowed  to 
adhere  for  2  hours.  Non-adherent  spheroids  were  rinsed  away,  and  the  remaining 
spheroids  were  fixed  and  stained.  Values  are  expressed  as  a  percentage  of  the  total 
number  of  spheroids  that  adhered  to  each  substrate.  Data  of  a  representative  experiment 
are  expressed  as  mean  ±  standard  deviation  for  quadruplicate  wells. 

Figure  5.  Adhesion  of  patient  ascites  spheroids  to  hyaluronan  can  be  inhibited  by 
soluble  hyaluronan  and  hyaluronan  fragments.  The  four  most  adhesive  patient 
spheroids  samples,  patient  #1  (diamonds),  #2  (squares),  #3  (circles),  or  #4  (triangles), 
were  incubated  for  30  minutes  with  0,  100,  500,  or  1000  pg/ml  hyaluronan  (panel  A),  or 
0,  80,  or  500  pg/ml  hyaluronan  fragments  (panel  B)  before  being  added  to  glass  chamber 
slides  coated  with  1  mg/ml  hyaluronan.  Assays  were  performed  in  the  continued 
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presence  of  the  soluble  inhibitor  for  2  hours.  Non-adherent  spheroids  were  rinsed  away, 
and  the  remaining  adherent  spheroids  were  fixed  and  stained.  Values  are  expressed  as  the 
percent  inhibition.  Data  of  a  representative  experiment  are  shown  as  mean  +  standard 
deviation  for  quadruplicate  wells. 


Figure  6.  Adhesion  of  spheroids  to  live  or  fixed  human  mesothelial  monolayers. 

Patient  ascites  spheroids  and  NIH:OVCAR5  spheroids  were  labeled  with  CMFDA  and 
added  to  LP9  human  mesothelial  monolayers  grown  to  confluence  on  glass  chamber 
slides.  Spheroids  were  incubated  in  the  wells  2  hours,  then  non-adherent  spheroids  were 
rinsed  away  and  remaining  spheroids  were  fixed  with  Diff-Quik  fixative.  Panel  A: 
Brightfield  (a,  b)  and  fluorescence  microscopy  (c,  d)  of  patient  ascites  spheroids  adhering 
to  live  mesothelial  monolayers  at  2  hours;  patient  sample  #1  (a,  c)  and  patient  sample  #2 
(b,  d).  Magnification  at  200X.  Panel  B:  Adhesion  assay  of  patient  ascites  spheroids  (#1- 
11)  and  NIH;OVCAR5  spheroids  (OVCAR5)  to  live  (black  bars)  and  fixed  (white) 
mesothelial  monolayers.  Values  are  expressed  as  a  percentage  of  the  total  number  of 
spheroids  that  adhered.  Data  of  a  representative  experiment  are  expressed  as  mean  ± 
standard  deviation  for  quadruplicate  wells. 

Figure  7.  Inhibition  of  patient  ascites  spheroid  adhesion  to  mesothelial  cell 
monolayers.  The  four  most  adhesive  patient  ascites  spheroid  samples  (#1-2,  #10-11) 
were  labeled  with  CMFDA  and  incubated  for  30  minutes  with  10  pg/ml  blocking 
antibody  against  the  pi  integrin  subunit  or  mouse  IgG.  The  spheroids  were  then  added  in 
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the  presence  of  the  antibody  for  1  hour  to  live  confluent  LP9  human  mesothelial 
monolayers  on  glass  chamber  slides.  Non-adherent  spheroids  were  rinsed  away,  and  the 
remaimng  adherent  spheroids  were  fixed  and  stained.  Values  are  expressed  as  the  percent 
inhibition.  Data  of  a  representative  experiment  are  expressed  as  mean  ±  standard 
deviation  for  quadruplicate  wells. 
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Article  Precis 


Ascites  spheroids  from  eleven  ovanan  carcinoma  patients  adhered  to  extracellular  matrix 
proteins  and  mesothelial  cell  monolayers,  implicating  spheroids  as  potential  sources  of 
secondary  tumor  growth. 
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